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Abstract 
This work considers the potential for flexibility providers in general, and batteries specifically, 

to lower the cost of the DǊŜŀǘ .Ǌƛǘŀƛƴ όD.ύΩǎ electricity system, by reducing the amount of 

network reinforcement that would otherwise be necessary.   

In GB, batteries and other storage assets engage in numerous activities, among them, 

wholesale trades, an activity this work simulates for case study periods during 2022.  

¢ƘŜ ƘȅǇƻǘƘŜǎƛǎΥ άa rational battery, engaged in wholesale trades, will not export at times of 

high wind energy availability in Scotland, nor will it add to transmission network congestionέ 

was investigated and clearly found against.   

A second hypothesis άŘŜǇƭƻȅƳŜƴǘ ƻŦ ǎǳƛǘŀōƭȅ-sized distribution-connected batteries, engaged 

in wholesale electricity trades, will not increase congestion on distribution networks servicing 

ǊŜǎƛŘŜƴǘƛŀƭ ƭƻŀŘ ŘŜƳŀƴŘ ŀƴŘ ǿƛƴŘŦŀǊƳǎέ was investigated at six locations in southern Scotland, 

and also found against, regarding both import and export flows.  

Given these findings, unfortunate especially for bill-payers, ŀ ǇƻǎǎƛōƭŜ ƳƛǘƛƎŀǘƛƻƴΣ άƴƻƴ-ŦƛǊƳέ 

connections for batteries, was explored.  This work found that, in most of the six above 

distribution locations studied, batteries could be significantly oversized, by up to 10 ς 20 MW, 

compared to network spare capacity, before experiencing significant financial detriment from 

curtailment.   

Finally, this work investigates whether battery-triggered network reinforcement, or battery 

ŎǳǊǘŀƛƭƳŜƴǘΣ ƳƛƎƘǘ ōŜ ǘƘŜ άƭƻǿŜǊ ƻǾŜǊŀƭƭ Ŏƻǎǘέ ƻǇǘƛƻƴΣ ŀǘ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ƭƻŎŀǘƛƻƴǎ ǎǘǳŘƛŜŘΦ  ! 

range of battery sizes for which battery curtailment would appear to ōŜ ǘƘŜ άƭƻǿŜǊ Ŏƻǎǘέ 

option was identified, together with relevant sensitivities.   This consideration is complicated 

by the different parties on which the costs would fall, and identification of the appropriate 

ŎƻƳǇŀǊƛǎƻƴΥ άǊŜƛƴŦƻǊŎŜ ƻǊ ƴƻǘΚέΣ ƻǊ άǊŜƛƴŦƻǊŎŜ ǎƻƻƴŜǊ ƻǊ ƭŀǘŜǊΚέ  ¢ƘŜ ǿƻǊƪ ŀƭǎƻ ŎƻƴǎƛŘŜǊŜŘ ǘƻ 

ǿƘŀǘ ŜȄǘŜƴǘ ŎǳǊǊŜƴǘ ŀǊǊŀƴƎŜƳŜƴǘǎ ŜƴŎƻǳǊŀƎŜ ŀ άƭƻǿŜǎǘ ƻǾŜǊŀƭƭ Ŏƻǎǘ ŀǇǇǊƻŀŎƘέΣ ŀƴŘ ǿƘŜǘƘŜǊ 

that is even the most pertinent consideration, given that both network reinforcement, and 

also addition of batteries, could potentially provide wider value for other connecting 

customers, and for network operability.   

The work concludes by answering the research questions posed, suggesting further work, and 

proposing some recommendations for policy makers.   
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9ȄǘŜƴŘŜŘ ǎǳƳƳŀǊȅ 

This work considers the potential for flexibility, generally, and batteries, specifically, to lower 

the cost of the GB electricity system as it decarbonises, by reducing the amount of network 

reinforcement that would otherwise be necessary.  This work is timely because there are 

currently many tens of GW of batteries with connection agreement to both distribution and 

transmission networks.  Better understanding of how these batteries are likely to behave, 

especially in areas of network constraints, will aid owners and operators of the transmission 

and distribution networks, and the whole system, prepare for the very challenging transition to 

decarbonisation.   

This work sets out to answer the following research questions: 

Q1: What kinds of behaviours are foreseeable from short duration batteries?  

Q2: Are expected behaviours of short-duration batteries likely to alleviate or exacerbate 

network congestion and system needs?  

Q3: Is a large-scale roll-out of batteries likely to facilitate or obstruct deployment of 

ǊŜƴŜǿŀōƭŜ κ ƭƻǿ ŎŀǊōƻƴ ƎŜƴŜǊŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳΩǎ ǘǊŀƴǎƛǘƛƻƴ ǘƻ bŜǘ ½ŜǊƻΚ  

Q4: If there are any negative consequences of battery deployment, what mitigation 

measures might be appropriate?  

This work builds on a significant body of literature which finds that batteries can be invaluable 

in providing ancillary services to power systems; however, results of investigations into the 

ability of storage to substitute for network reinforcement, or to allow a lower-cost deferment, 

are mixed.  Several authors report different behaviour from storage assets dedicated to 

maximising renewable penetration or lowering overall system operation costs, and engaging in 

άǎŜƭŦ-ƛƴǘŜǊŜǎǘŜŘέ ǿƘƻƭŜǎŀƭŜ ǘǊŀŘŜǎΦ 

In GB, batteries and other storage assets can engage in a range of activities.  Short-duration 

batteries are very well-suited to provision of ancillary services such as frequency response 

services with fast (e.g. sub-second) response times.  However, incomes from such services fell 

during 2022, as greater numbers of batteries entered frequency response services markets, 

and many batteries engage in other activities.  Some engage in balancing services, though 

generally infrequently; some have a small but regular income from Capacity Market; income 
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from DUoS and potentially TNUoS credits are an option in some locations, as are DSO flexibility 

services in some network constrained areas.  Participation in wholesale trades is an option that 

became relatively attractive during 2022, and in which some batteries engaged.  Academic 

literature and informal views from industry are agreed that batteries would normally need to 

engage in multiple activities to be financially viable.  Unbundling rules class storage as 

άƎŜƴŜǊŀǘƛƻƴέ ŀƴŘ ƎŜƴŜǊŀƭƭȅ ǇǊƻƘƛōƛǘ ƴŜǘǿƻǊƪ ƻǇerators from owning and operating batteries 

themselves, though DNOs, TOs and the ESO can contract with batteries for services.  

This work simulates activities of self-interested batteries, intent on accruing maximum overall 

net revenues through wholesale trades.  An agent model was created to simulate battery 

actions, under various rules governing trading decisions, using real wholesale price data, 

during three 5-week case study periods in 2022. The scenarios which accrued the greatest 

overall net revenues were selected for further study; in some cases variations to limit cycling, 

which may be desired to reduce battery degradation or comply with warranty conditions, were 

also investigated.  This stage of work yielded plausible timeseries actions of batteries during 

the case studies.  Timeseries of real grid-connected batteries were viewed, and examples of 

very similar behaviours were found, agreement considered strong enough to validate the 

battery simulation model.  

Initially, this work explored the likely interactions between the simulated battery actions and 

wind generation, using the whole of Scotland as a case study area.  In Scotland, maximum 

transmission flows are export-dominated and occur at times of high wind, during which 

curtailment of some windfarms is often necessary to comply with grid constraints, especially at 

the B6 transmission boundary between Scotland and England.   

A study of the potential effect of batteries, if located in Scotland, would have on Transmission 

flows was performed, investigating the hypothesis, linked to Research Questions 1 and 2Υ άa 

rational battery, engaged in wholesale trades, will not export at times of high wind energy 

availability in Scotland, nor will it add to network congestionέ.  The work found against the 

hypothesis: batteries engaged in trades, most days, whatever the wind conditions, as diurnal 

variations in wholesale price incentivised import and also exports.  Any exports of a battery, 

sited in Scotland, at times of high wind would thus normally exacerbate transmission network 

congestion.   

A further study was performed to investigate potential effects of batteries on distribution 

network flows, at six case study locations in southern Scotland, of which five had significant 
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capacity of distributed wind connected on the same network.  This study investigated the 

hypothesis, also linked to Research Questions 1 and 2: άdeployment of suitably-sized 

distribution-connected batteries, engaged in wholesale electricity trades, will not increase 

congestion on distribution networks servicing residential load demand and windfarmsέ.  The 

outcome was that battery actions were likely to increase maximum export flows, as some 

exports were likely at times of high wind.  Looking at the location with no wind generation, and 

others at times of minimal wind generation, the study found that at times, battery actions 

were also likely to exacerbate the maximum import flows, because the wholesale price pattern 

sometimes differed from that of the local demand flows, incentivising battery imports at times 

of high demand.  Such events generally occurred around the middle of the day (outside of 

winter), during which, in other parts of GB, solar output is likely to be significant.   

These findings, that actions of a self-interested battery engaged in wholesale trades, if located 

in Scotland, would be likely to exacerbate network congestion at times, are unfortunate for 

several parties: system and network operators, in having additional complexity to manage, but 

most of all for energy consumers, who must pay costs of additional balancing actions or 

network build which battery actions may cause, if misaligned with network needs.  They may 

also prove detrimental to batteries themselves if the regulator decides to restrict their 

activities. Thus, some investigation into possible mitigation was conducted, exploring Research 

Question 4Φ  ¢ƘŜ ǎŎŜƴŀǊƛƻ ƻŦ ŀ ōŀǘǘŜǊȅ ŎƻƴƴŜŎǘƛƻƴ ǿƛǘƘ ŀ άƴƻƴ-ŦƛǊƳέ ƻǊ άŦƭŜȄƛōƭŜέ ŎƻƴƴŜŎǘƛƻƴΣ ƛƴ 

which it may import or export only up to available network capacity at that time, was 

investigated.  Such an arrangement is not uncommon for distribution-connected generators, 

especially windfarms in areas of high wind penetration.  Battery actions were re-simulated, but 

with additional constraints of network thermal limits restricting battery actions at times.  

Overall net revenues were compared with base case of unrestricted network access, for a 

range of battery sizes.  Assuming the battery would be curtailed without compensation, the 

costs of curtailment was calculated as the difference in overall net revenues between the 

άōŀǎŜ ŎŀǎŜ ς ƴƻ ƴŜǘǿƻǊƪ ǊŜǎǘǊƛŎǘƛƻƴǎέ ŀƴŘ άǊŜǎǘǊƛŎǘŜŘ ƴŜǘǿƻǊƪέ ŎŀǎŜǎΦ   

In an attempt to harmonise an approach to battery sizing across all the six locations, all of 

which had differing amounts of spare network capacity, batteries were sized, and oversized, 

relative to  available network headroom.  Not surprisingly, curtailment costs were negligible 

for batteries sized up to the spare network capacity, and increased with increasing battery MW 

capacity, and broadly similar results were found across all locations.  In most cases, batteries 
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could be oversized compared to network spare capacity, by up to 10 ς 20 MW, before any 

significant financial effect of curtailment was found (overall incomes at least ~ 95% of those 

under unrestricted network conditions).  Projected curtailment costs in these battery size 

ranges are sensitive to network reliability assumptions, and more detailed study of abnormal 

network operating conditions is recommended.  Battery oversizing with minimal cost of 

curtailment was seen over broader ranges of battery sizes for shorter duration batteries (2 

hours, as opposed to 4 hours), and for most locations where a relatively even mixture of 

demand and generation was connected.  Longer duration batteries (4 hours), and locations 

where flows were strongly either demand- or generation-dominated, generally had higher 

curtailment costs for a given battery oversize compared to network headroom.  Curtailment 

has smaller effect on incomes for shorter duration batteries because they more often can 

complete their desired trades, even at lower power and requiring more time, before the 

electricity price changes and the trading action is no longer attractive.   

Finally, this work investigates whether battery-triggered network reinforcement, or battery 

ŎǳǊǘŀƛƭƳŜƴǘΣ ƳƛƎƘǘ ōŜ ǘƘŜ άƭƻǿŜǊ ƻǾŜǊŀƭƭ Ŏƻǎǘέ ƻǇǘƛƻƴ ŀǘ ǘƘŜ ǎƛȄ ŘƛǎǘǊƛōǳǘƛƻƴ ŎŀǎŜ ǎǘǳŘȅ 

locations studied above.  The work identifies ranges of battery size for which battery 

ŎǳǊǘŀƛƭƳŜƴǘ ǿƻǳƭŘ ŀǇǇŜŀǊ ǘƻ ōŜ ǘƘŜ άƭƻǿŜǊ Ŏƻǎǘέ ƻǇǘƛƻƴΦ  /ǳǊǘŀƛƭƳŜƴǘ ǿƻǳƭŘ ōŜ ǊŜƭŀǘƛǾŜƭȅ 

attractive for shorter duration batteries, at locations with longer feeders where reinforcement 

would be more costly, where projected battery lifetime is short.  This consideration is 

complicated by several considerations.  First, curtailment and reinforcement costs are borne 

by different parties.  Second, limitations of access to up-to-date data on reinforcement costs, 

and indeed, wholesale price data on which the simulations are based, necessitate some 

caution in viewing these results, though generic patterns of results are expected to be robust.  

¢ƘƛǊŘΣ ŘƛŦŦŜǊŜƴǘ ǊŜǎǳƭǘǎ ǿƻǳƭŘ ōŜ ƻōǘŀƛƴŜŘ ƛŦ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ǿŀǎ άǊŜƛƴŦƻǊŎŜ ƴƻǿ ƻǊ ǊŜƛƴŦƻǊŎŜ 

ƭŀǘŜǊέ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ǘƘŜ άǊŜƛƴŦƻǊŎŜ ƻǊ ƴƻǘέ ŎŀǎŜ ƛƴǾŜǎǘƛƎŀǘŜŘΦ  ¢ƘŜǊŜ ǿŜǊŜ ƛƴǎǳŦŦƛŎƛŜƴǘ Řŀǘŀ 

available to explore the former question, though it is expected to be relevant in many areas 

where reinforcements will be needed soon in any case.  The work also considers the 

apportionment of connection charges between a developer and DNO, and to what extent 

ŎǳǊǊŜƴǘ ŀǊǊŀƴƎŜƳŜƴǘǎ ŜƴŎƻǳǊŀƎŜ ŀ άƭƻǿŜǎǘ ƻǾŜǊŀƭƭ Ŏƻǎǘ ŀǇǇǊƻŀŎƘέΦ  ¢Ƙƛǎ ǿƻǊƪ ǊŀƛǎŜǎ ōǊƻŀŘŜǊ 

ǉǳŜǎǘƛƻƴǎΥ ǿƘŜǘƘŜǊ ǎŜŜƪƛƴƎ άƭƻǿŜǎǘ ƻǾŜǊŀƭƭ Ŏƻǎǘǎέ ōŀǎŜŘ ƻƴ ŀ ƴŀǊǊƻǿ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ōŀǘtery 

curtailment and reinforcement costs is even the most pertinent consideration, given that both 

network reinforcement, and also addition of batteries, could potentially provide wider value 

for other connecting customers, and for network operability.  The work concludes by 
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answering the research questions posed, suggesting further work, and with some 

recommendations for policy makers.  

The main takeaway for policy-makers and planners from this work is as follows: while 

ŘŜǇƭƻȅƳŜƴǘ ƻŦ ǎǳŦŦƛŎƛŜƴǘ ŦƭŜȄƛōƭŜ ŀǎǎŜǘǎ ƛǎ ƎƻƛƴƎ ǘƻ ōŜ ŜǎǎŜƴǘƛŀƭ ǘƻ ŀƛŘ D.Ωǎ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ 

transition, their deployment does not in itself guarantee their use to that end.  Suitable 

accompanying rules and incentives are necessary to ensure flexible assets benefit the wider 

electricity system: without such rules or incentives, flexible assets can be expected to add to 

existing network challenges, at times and in places, as well as easing such challenges at other 

times and places.  At time of writing (summer 2025), development of more suitable rules and  

incentives is needed.     
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1. Chapter 1 Introduction  

1.1. Background and motivation 

1.1.1. DǊŜŀǘ .ǊƛǘŀƛƴΩǎ electricity system at the start of this thesis 

This work is set in the electrical power system of Great Britain (GB), the location of study.  This 

thesis is undertaken at a time of great change in this electricity system, and the ¦YΩǎ wider 

economy.  

At the 1992 United Nations (UN) Earth Summit in Rio, the United Nations Framework 

Convention on Climate Change (UNFCC) was set up, with agreements stabilise greenhouse gas 

(GHG) emissions [1].  Building on this Convention, industrialised nations agreed programmes of 

GHG emissions reductions, over forthcoming decades, at the 1997 Kyoto summit, and limits on 

global temperature rises were agreed in Paris in 2015 [2], [3].  The UK passed the Climate 

Change Act 2008 [4] to codify its commitment to these international agreements.  This Act 

bound the UK to reduce its territorial GHG emissions by 80% of 1990 levels by 2050, together 

with intermediate carbon budgets at earlier dates.  These commitments were later 

strengthened, in 2019, ǘƻ άbŜǘ ½ŜǊƻέ UK territorial GHG emissions by 2050, following advice 

ŦǊƻƳ ¦Y DƻǾŜǊƴƳŜƴǘΩǎ /ƭƛƳŀǘŜ /ƘŀƴƎŜ /ƻƳƳƛǘǘŜŜΣ ǘƘŜ /// [5]ς[7].   

The UK introduced several policy instruments to facilitate the decarbonisation of Great Britain 

όD.ύΩǎ electricity system.  From 2002, the Renewables Obligation (RO) [8] encouraged the 

development of renewables, initially predominantly windfarms, with some solar PV 

installations participating from 2012 [9].  Small1 renewable generators, many of them solar PV, 

have been supported by the Feed-in Tariff (FiT) [10] scheme from 2010.  Also in 2010, the 

ά/ƻƴƴŜŎǘ ŀƴŘ aŀƴŀƎŜέ ǎŎƘŜƳŜ [11] was introduced to support new renewable generators 

connecting to a location with insufficient electricity transmission network capacity.  Though 

the RO and FiT schemes closed to new entrants in 2017 and 2019, respectively, support for 

some renewable and other low-carbon projects continued via the Contracts for Difference 

scheme, launched in 2014, ƛƴǘǊƻŘǳŎŜŘ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ ¦YΩǎ 9lectricity Market Reform package, 

together with a Capacity Market to protect the electricity system against generation 

inadequacy [12]ς[15].  By the end of 2022, the year this thesis investigates in detail, the GB 

grid had over 27 GW of connected wind (combined onshore and offshore) and approaching 15 

 
1 Capacity up to 5 MWe 
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GW of solar generation [16], significant penetrations on a power system with maximum 

system demands of around 50 GW [17].    

bŀǘƛƻƴŀƭ DǊƛŘ 9{h ǎŜǘ ƛǘǎ ƻǿƴ ǘŀǊƎŜǘ ƻŦ άȊŜǊƻ ǎȅǎǘeƳ ƻǇŜǊŀǘƛƻƴέ ōȅ нлнр, in 2019 [18], meaning 

that the ESO would not constrain on additional carbon-emitting generation for system 

operation.   

Lƴ нлнмΣ ǘƘŜ ¦Y DƻǾŜǊƴƳŜƴǘ ǇƭŜŘƎŜŘ ǘƻ άŦǳƭƭȅ ŘŜŎŀǊōƻƴƛǎŜέ ǘƘŜ electricity system by 2035 

[19].  In late 2024, a new ¦Y DƻǾŜǊƴƳŜƴǘ ŎƻƳƳƛǘǘŜŘ ǘƻ ά/ƭŜŀƴ tƻǿŜǊ нлолέΣ bringing forward 

the date for power system decarbonisation to 2030 [20], though using an amended definition 

of άclean powerέ: at least 95% of electricity generation is to ōŜ ŦǊƻƳ άŎƭŜŀƴέ ǎƻǳǊŎŜǎ, i.e. 

renewables and nuclear.  It is expected that some unabated gas generation will be needed at 

times of low renewables outputs, but such generation will account for no more than 5% of 

total electricity generation2 [21], [22]. 

Among the many challenges of operating an electricity system, necessarily with more inflexible 

generation sources, such as wind, solar and nuclear, is flexibility.  The UK Government and the 

energy regulator Ofgem wrote άTo keep the power system stable, supply and demand have to 

balance in real time.  Flexibility refers to the ability to modify generation and / or consumption 

patterns in reaction to an external signal (such as a change in price, or a message)έ [23]. 

Another challenge is network limits: new sources of generation are often sited at different 

locations to traditional power stations.  The former challenge is an example of potential 

temporal mismatch between generation availability and demand; the latter of locational 

mismatch, where there is insufficient network capacity to transport electricity from generation 

to demand centres at all times.  The causes and management  of the above mismatches are 

summarised in Table 1.  

Will deployment of sources of flexibility facilitate the decarbonisation of the electricity system, 

by potentially relieving both temporal and locational constraints?   

 
2 ¢ƘŜ ǇƭŜŘƎŜ ŀƭǎƻ ƛǎ ŦƻǊ млл҈ ƻŦ D.Ωǎ ŜƭŜŎǘǊƛŎƛǘȅ demand ǘƻ ōŜ ƳŜǘ ŦǊƻƳ άŎƭŜŀƴέ ǎƻǳǊŎŜǎΣ ƛƴ ǘƘŜ 
expectation that GB will export electricity at times of high renewable output and low demands [22]. 
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Table 1 Summary of mismatches between generation and demand 

 Place Time 

Why might / do 

mismatches occur? 

¶ Not feasible to locate generation at every site which 

consumes electricity. 

¶ Economies of scale in building larger generators of some 

technologies. 

¶ Locational constraints in siting of some generators. 

¶ aƛǎƳŀǘŎƘ ōŜǘǿŜŜƴ ǘƛƳŜǎ ƻŦ ƎŜƴŜǊŀǘƻǊǎΩ ƻǳǘǇǳǘǎ ŀƴŘ ƻŦ 

energy consumption patterns . 

Existing solutions: 

current providers 

¶ Distribution networks, Transmission networks, 

Interconnectors. 

¶ Schedulable generators with a fuel store (primarily gas, 

previously coal).  

Mechanism for 

avoidance / 

management of 

mismatches 

¶ [ŜŦǘ άǘƻ ǘƘŜ ƳŀǊƪŜǘέ ŦƻǊ ƎŜƴŜǊŀǘƻǊǎ ǘƻ ŘŜŎƛŘŜ ǿƘŜǊŜ ǘƻ 

locate.   

¶ Some signals on location via generator TNUoS tariffs (for 

TG) and connection charges (for DG).  

¶ Wholesale prices (over half-hourly Settlement Periods), and 

potentially imbalance prices.  

¶ ESO Balancing Actions. 

¶ Some signals from DUoS tariffs (for DG and demands ς 

subject to tariffs). 

¶ In some locations, weak TNUoS signals (for large demands 

and DG).  

¶ Capacity Market for times of generation inadequacy.  

Why are 

mismatches 

becoming greater 

problem with 

decarbonisation & 

new technologies? 

¶ Significant constraints on location of many renewables.  

¶ Mass availability of smaller renewable generators of 

(largely wind and PV) connecting to Distribution 

Networks. 

¶ Inflexibility of many low-carbon generators:  

o Weather-dependent renewables ς output only when 

weather is suitable / during daylight / following rain  

o Nuclear stations ς constant output (current GB fleet). 

New & proposed 

solutions:  providers 

& mechanisms 

¶ Flexible / schedulable generators and demands, including storage providers. 

¶ Network reinforcement: Transmission and / or Distribution (and additional interconnectors). 

¶ Additional / greater volumes of flexibility / balancing services. 

¶ Market mechanisms considered under REMA3 [24]. 

 
3 Review of Electricity Market Arrangements, undertaken by the UK Government  
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1.1.2. Flexibility: definition, types, aims, and sources?  

Flexibility can involve a shift in electrical demand or generation: in time, or potentially, in 

location.   

Temporal flexibility 

The electricity system requires that generation and demands are exactly in balance on a 

second-by-second basis.  The GB power system was powered largely by fossil fuel and other 

despatchable power stations, stations which ŎƻǳƭŘ άŦƭŜȄέ ǘƘŜƛǊ ƻǳǘǇǳǘǎ ǳǇ ŀƴŘ Řƻǿƴ ŀŎŎƻǊŘƛƴƎ 

to patterns of demands, over timescales of minutes to hours, and with their fuel stocks 

allowing planning and scheduling over days, weeks and months.  A decarbonised system will 

have far fewer such stations.  Many larger renewable generators can and do respond to ESO 

instructions to reduce output, within seconds or minutes, but it is normally uneconomic to run 

them in conditions in which they could increase output.  Furthermore, such generators cannot 

deliver at times of low resource, such as low wind, prolonged dry weather, or at night.  

The current fleet of UK nuclear power stations operates at constant output, by design, 

ǇǊƻǾƛŘƛƴƎ άōŀǎŜƭƻŀŘέ ǘƻ ǘƘŜ GB electricity system [25].   Some nuclear stations of different 

designs can provide a degree of flexibility in output, in response to varying demands or outputs 

from renewable generation, as is common practice in the French nuclear fleet4 [26].  However, 

such operation would be very unattractive for a private nuclear station owner, primarily 

because of reduced income from electricity sales, with no reduction in operational costs [26], 

as the bulk of the costs are in the station construction.  Unlike the turning down of wind 

ƎŜƴŜǊŀǘƻǊǎΣ άŎƻǊŜ ǊŀƳǇƛƴƎέ ƻŦ ƴǳŎƭŜŀǊ ǎǘŀǘƛƻƴǎ ǊŜǉǳƛǊŜǎ significant planning, and is further 

limited towards the end of a fuel cycle [27].  Furthermore, temperature cycling associated with 

varying core temperature and station output would tend to shorten the lifetime of the reactor 

and / or fuel5, entailing further economic cost [25], [26].  Some in the industry suggest a future 

fleet of Small Modular Nuclear Reactors, if built, could operate more flexibly [28].  However, 

the main avenue under consideration to achieve a more flexible future fleet of nuclear power 

stations, large or small, is the diversion of their output heat or electricity into another 

application, such as a nearby industrial process, energy storage facility, or an energy-

demanding activity such as hydrogen electrolysis or seawater desalination, at times of low 

 
4 RŜŘǳŎǘƛƻƴǎ ƛƴ ƻǳǘǇǳǘ ŀǊŜ ŀŎƘƛŜǾŜŘ ōȅ άŎƻǊŜ ǊŀƳǇƛƴƎέΣ ǇŀǊǘƛŀƭ ƛƴǎŜǊǘƛƻƴ ƻŦ άƎǊŜȅέ ōƻǊƻƴ ŎƻƴǘǊƻƭ ǊƻŘǎΣ ǘƻ 
reduce the rate of fission and thus thermal output [26].   
5 Core ramping with control rods can also lead to the build-up of undesirable isotopes in the reactor, 
potentially limiting ongoing ramp rates [26].  



5 
 

demand from the electricity system [25], [28].   In essence, any flexibility of future nuclear 

stations will probably be most economically provided by co-located energy demands, rather 

than the stations themselves.   

Thus, other sources of flexibility, i.e. the ability to increase or decrease generation or 

consumption, are needed.  Furthermore, with increased penetration of inverter-connected 

generation ς which encompasses most renewables - reduced system inertia has increased the 

speed at which some system services need to be delivered [29].  

A greater degree of temporal flexibility of electricity system users could allow greatest use of 

low-cost and low-carbon generation, when it is available, and reduce the total capacity of 

generation needed to provide adequate security of supply at times of low renewable output.  

Spatial  

The existence of a National Grid allows users of electricity to access outputs from generators 

near and far, which enables very high levels of security of supply, and access to some of the 

lowest-cost generation available (subsidies to some technologies and generators 

notwithstanding).  However, such a system comes at a cost of building and maintaining 

Distribution and Transmission network infrastructure, with the GB systemΩǎ 9 interconnectors 

enabling further electricity transport between countries.    

With an increasing proportion of generation being built at the extremities of the electricity 

system, particularly wind in Scotland and offshore, then additional transmission grid is needed 

to bring such electricity to market.  Smaller generators, especially solar PV and smaller wind 

generators, connect to Distribution networks that were not designed for such use, and which 

in many areas lack capacity for desired connections.   

A greater degree of flexibility in location of some electricity system users could reduce the 

capacity of additional grid to be built in some places, allow deferment of some network 

reinforcements. 

1.2. Research questions  

This thesis seeks to explore the value of flexibility to the GB electricity network: it is expected 

that at least some of these findings will be relevant to other power systems, on a similar 

decarbonisation journey, and with similar characteristics of regulation and generation mix.  
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1.2.1. Overarching research question 

Will installing, deploying and enabling suitable types and capacities of άflexibilityέ enable 

άdecarbonisation ŀǘ ƭƻǿŜǎǘ Ŏƻǎǘέ?  

¦Y DƻǾŜǊƴƳŜƴǘΩǎ ŀƴŘ hŦƎŜƳΩǎ ǊŜǇƻǊǘ άUpgrading our energy system. Smart systems and 

flexibility planέ[30] in July 2017, following a Call for Evidence on a smart flexible energy system 

the previous year [23].   The 2017 report stated the need ŦƻǊ άŀ ƳƻǊŜ ŦƭŜȄƛōƭŜ ŜƴŜǊƎȅ ŦǳǘǳǊŜέ, in 

the light of new technologies, more low-carbon generation, and more distributed resources.  

The consultation authors stated such flexibility would bring significant benefits for consumers, 

the system and the wider economy.   

5ŜǇƭƻȅƳŜƴǘ ƻǊ ƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ ǎƻǳǊŎŜǎ ƻŦ άŦƭŜȄƛōƛƭƛǘȅέ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ǘƻ ōŜ ŀōƭŜ to save 

significant expenditure - £17-40 billion from 2017 to 2050  - for the GB electricity system as a 

whole, according to UK Government- and Ofgem-commissioned work by the Carbon Trust and 

Imperial College [31].  Projected savings would arise mainly from avoided OPEX ς fuel and 

carbon costs ς and avoided CAPEX from avoided capacity of generation and avoided 

distribution network reinforcement.  The work found that deployment of flexibility would incur 

CAPEX costs of implementing ά5ŜƳŀƴŘ-ǎƛŘŜ ǊŜǎǇƻƴǎŜέ ŀƴŘ ǎǘƻǊŀƎŜ ǎƻƭǳǘƛƻƴǎΣ ōǳǘ ǘƘŀǘ ǘƘƻǎŜ 

costs would be outweighed by overall cost savings.    

Other GB-specific reports on the benefits of flexibility ƛƴŎƭǳŘŜ hŦƎŜƳΩǎ нлмр Ǉƻǎƛǘƛƻƴ ǇŀǇŜǊ 

[32] and a report by trade associations Energy UK, the Association for Decentralised Energy, 

and BEAMA [33].  Academic sources citing the value of flexibility to electricity networks in 

general include [34], [35].  

This overarching research question is too big for a single PhD, so this work focuses on some 

subsets of this question: storage, one very clear source of flexibility: short duration batteries.  

This type of technology is selected with the following justifications: 

¶ Short duration batteries are, in principle, ideally suited to addressing problems of 

temporal mismatch between generation and demand, as highlighted in Table 1.  

Energy storage, by definition, can be regarded as a way of άmoving energy in timeέ.   

¶ Batteries, along with other types of energy storage, can act as both schedulable 

generators and also as schedulable demands.  Thus, the study of storage assets could 

also give insight into possible behaviour of other types of flexible generators or 

demands, and their potential impacts on the wider electricity system. 
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¶ Short duration batteries are currently highly relevant.  With deployment of batteries 

increasing from around zero in 2016 to over 3 GW by 2023 [36], and over 80 GW of  

proposed battery projects agreed by network owners [37]ς[43], a better 

understanding of their likely impacts on the GB electricity system is important.  The 

majority of these GB-deployed batteries are lithium-based and operate for short 

duration, i.e. having the ability to operate at full power for no more than 4 hours [44], 

a finding which the IEA reports is also occurring worldwide6 [45].  

¶ While clearly batteries and other storage assets cannot address the locational 

mismatch between generation and demands, relief of temporal mismatch could 

potentially reduce the capacity of networks (distribution, transmission and 

interconnectors) needed to address such locational mismatches. (This matter 

discussed in Chapter 2).   

¶ Batteries also have the advantage that they can be built in locations country-wide, 

unlike some other storage technologies, such as pumped hydro storage (PHS), the only 

other type of electricity system storage currently operational at scale in GB7, which 

requires suitable geography.  

Even narrowing of scope to short-duration batteries is too wide a field, as batteries can deliver 

on a wide range of ancillary services and to engage in other activities, both as stand-alone and 

behind-the meter or co-located with generators, all of which can effect on multiple aspects of 

system operation and behaviour. Thus, the scope of this study is to concentrate on network 

congestion, at both transmission and distribution level, as technology developments, falling 

costs, and the need to decarbonise have increased the challenges of mismatches between 

generation and demands in both time and space. Figure 1 illustrates schematically where this 

question fits within wider matter of flexibility on the GB electrical power network.  

 

 

 
6 The IEA report [45] ŀƭǎƻ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘƻǳƎƘ Ŧƭƻǿ ōŀǘǘŜǊƛŜǎ ƻǇŜǊŀǘƛƴƎ ŦƻǊ ƭƻƴƎŜǊ ǘƛƳŜǎŎŀƭŜǎ άcould 

emerge as a breakthrough technology for stationary storageέ   
7 Other than energy stores using other energy vectors, such as storage facilities for natural gas 
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Figure 1 Scope of study of this thesis 

1.2.2. Research questions and thesis overview 

Following the narrowing of the scope of main study, this thesis considers several questions:  

Q1: What kinds of behaviours are foreseeable from short duration batteries?  

Q2: Are expected behaviours of short-duration batteries likely to alleviate or exacerbate 

network congestion and system needs?  

Q3: Is a large-scale roll-out of batteries likely to facilitate or obstruct deployment of 

ǊŜƴŜǿŀōƭŜ κ ƭƻǿ ŎŀǊōƻƴ ƎŜƴŜǊŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳΩǎ ǘǊŀƴǎƛǘƛƻƴ ǘƻ bŜǘ ½ŜǊƻΚ  

Q4: If there are any negative consequences of battery deployment, what mitigation 

measures might be appropriate?  

In Q1 and Q2, the term άōŜƘŀǾƛƻǳǊǎέ ƳŜŀƴǎ the magnitudes, durations, timings and 

frequencies of energy flows from the network to the battery ς ǘŜǊƳŜŘ άƛƳǇƻǊǘǎέΣ and energy 

Ŧƭƻǿǎ ŦǊƻƳ ǘƘŜ ōŀǘǘŜǊȅ ǘƻ ǘƘŜ ƴŜǘǿƻǊƪΣ ǘŜǊƳŜŘ άexportsέΦ  ά.ŜƘŀǾƛƻǳǊǎέ ŀƭǎƻ ǊŜŦŜǊǎ ǘƻ the 



9 
 

presence or absence of any recurring patterns in these energy imports and exports, and 

circumstances in which these energy flows occur.   

Lƴ vнΣ ǘƘŜ ǘŜǊƳ άexpected ōŜƘŀǾƛƻǳǊǎέ ƳŜŀƴǎ examples of credible actions which an 

economically rational battery, in GB, could feasibly undertake.  In GB, batteries are generally 

privately owned, rather than owned by network owners or the system operator, a distinction 

further explored in the following chapters.  Being in private ownership, this thesis assumes the 

battery owners will take economically rational  decisions, in order to seek to maximise revenue 

from available activities and markets.   The term άŜŎƻƴƻƳƛŎŀƭƭȅ Ǌŀǘƛƻƴŀƭ ōŀǘǘŜǊȅέ also assumes 

that batteries can engage in the most profitable actions available, and their actions are not 

limited by lack of access to information (e.g. prices of services or wholesale prices), any 

barriers to liquidity in markets they may wish to engage in, or any operational or other reasons 

that may limit their activities, for example to preserve asset health or comply with warranty 

conditions.     

These research questions can be summarised  more informally as:  

άWhat would a battery (in GB) do, how would it affect electricity networks, and is any further 

action needed to achieve overall system benefit?έ  

In this thesis, Chapter 2 reviews literature on how storage assets can provide system services, 

and the extent to which they might reduce the need for network reinforcement.  

Some of the main options for short-duration batteries to engage in financially viable activities 

are discussed in Chapter 3.   

Chapter 4 describes the methodology for simulating the overall net revenue a battery may 

accrue from engaging in wholesale trades that is used in this thesis.   

Chapters 5 and 6 use this battery simulation method to investigate Q2 and Q3. Chapter 5 

investigates the effect of likely battery behaviour on transmission network congestion 

between Scotland, and England and Wales.  Chapter 6 is a similar study, using selected case 

study locations on distribution networks, in southern Scotland.   

Chapters 7 and 8 use a variant of the battery simulation to investigate Q4. Chapter 7 

investigates one possible approach for Q4: the question on mitigation for any negative 

consequences of battery deployment.  This chapter investigates the financial effect for the 

battery owner of its connection with a non-firm connection, in which battery imports and 
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exports are limited to available network capacity at the time.  This chapter seeks to 

understand whether such an arrangement could be financially viable for a battery owner.   

Building on the work of Chapter 7, Chapter 8 investigates how costs of battery curtailment, in a 

άƴƻƴ-ŦƛǊƳέ ŎƻƴƴŜŎǘƛƻƴ ǎŎŜƴŀǊƛƻΣ ǿƻǳƭŘ ŎƻƳǇŀǊŜ ǿƛǘƘ Ŏƻǎǘǎ ƻŦ ƴŜǘǿƻǊƪ ǊŜƛƴŦƻǊŎŜƳŜƴǘΣ ŀǘ ǘƘŜ 

same case study locations as investigated previously.  This chapter discusses where and for 

what range of battery sizes curtailment of batteries would be a lower-cost solution than a 

battery-triggered network reinforcement, while acknowledging that different costs are borne 

by different parties.    

Chapter 9 concludes this thesis.   

This thesis is set entirely within the power system of Great Britain.  However, many of the 

findings are likely to be relevant to other unbundled electrical power systems with high 

penetrations of weather-dependent renewables (especially with significant wind) at a similar 

point in the journey to decarbonisation.  

1.3. Contributions 

1.3.1. Contributions directly associated with this work  

The following two conference papers arose from this thesis 

¶ {Φ .ǊǳǎƘΣ DΦ IŀǿƪŜǊΣ ŀƴŘ YΦ .ŜƭƭΣ Ψ.ŀǘǘŜǊƛŜǎ ƛƴ ǿƛƴŘ-dominated areas of network: 

ǎƻƭǳǘƛƻƴ ƻǊ ǇǊƻōƭŜƳΚ ! {ŎƻǘǘƛǎƘ ŎŀǎŜ ǎǘǳŘȅΩΣ ƛƴ Renewable Power Generation and 

Future Power Systems Conference 2023 (RPG 2023 UK), 2023, vol. 2023, pp. 144ς149 

[46] 

¶ Susan Brush, Graeme Hawker, and Keith .ŜƭƭΣ ΨLƳǇŀŎǘ ƻŦ ōŀǘǘŜǊƛŜǎΩ ŜƴŜǊƎȅ ǘǊŀŘƛƴƎ ƻƴ 

ŘƛǎǘǊƛōǳǘƛƻƴ ƴŜǘǿƻǊƪ ŎƻƴƎŜǎǘƛƻƴΥ ŀ DǊŜŀǘ .Ǌƛǘŀƛƴ ŎŀǎŜ ǎǘǳŘȅΩΣ ƛƴ 59th International 

Universities Power Engineering Conference (UPEC), 2024 [47] 

Both of these papers were peer reviewed.  The peer review process resulted in significant 

amendment of the second of these papers.  

1.3.2. Other contributions 

During this work, Susan authored / co-authored the following reports:  

¶ UKERC response to JCNSSI Inquiry: Critical national infrastructure and climate 

adaptation [48] 
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¶ Operating a Zero Carbon GB Power System in 2025: Frequency and Fault Current [49], 

of which Susan was first author of the sub-ǊŜǇƻǊǘ άMarket Needsέ [50]  

¶ Energy Technologies for Net Zero. An IET Guide.  [51] 

Out of the latter work arose a journal paper, to which Susan contributed:  

¶ Which way to net zero? A comparative analysis of seven UK 2050 decarbonisation 

pathways [52] 

These earlier works provided valuable background knowledge on which to base the research of 

this thesis.  
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2. Chapter 2 Overview of reported effects of storage on 

ŜƭŜŎǘǊƛŎŀƭ ƴŜǘǿƻǊƪǎΩ ƻǇŜǊŀǘƛƻƴ ŀƴŘ ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƴŜŜŘǎ  

Chapter summary 

This chapter seeks to summarise the current understanding of the effects, in different 

jurisdictions and conditions, that batteries and other types of storage can have on electrical 

networks, with a particular focus on the ability of storage to defer or avoid the need for 

network reinforcement.  This is important background knowledge on which to base work to 

address the research questions posed in the previous chapter.  

Batteries and other types of storage assets have many characteristics which can enable them 

to provide a variety of services to electrical power systems, over timeframes ranging from sub-

cycle to months and years.  Many such services will be needed in decarbonising electricity 

systems to help manage inherent variability of weather-dependent renewable resources, as 

well as to provide some essential ancillary services.   

There is a great deal of research interest in the value that energy storage systems can bring to 

electricity systems, on scales ranging from a couple of kW and kWh to large transmission-scale 

facilities.  Greatest system cost savings are generally achieved through increased penetration 

of low-marginal cost renewable energy which allows reduced use of expensive and 

environmentally-damaging fossil fuelled power generation, and, in a low carbon future, use of 

expensive fuels and / or CCS.  Storage could also contribute to system adequacy, thus reducing 

the necessary installed capacity of despatchable plant.  However there is also potential for 

storage to reduce or defer network reinforcements, and to enable greater use of more distant 

renewables, which in some cases is found to be financially beneficial.  A number of results, and 

real experience in one network jurisdiction, find battery energy storage complements solar PV 

generation very effectively; however other studies found batteries a have more limited effect 

in reducing curtailment of wind generation because of mismatches in the duration of short-

duration batteries currently deployed, and common  durations of high wind events.  Section 

2.2 summarises  literature with the common assumption that storage would be owned by, or 

despatched for, the benefit of the network or system operator; many studies disregard 

inherent uncertainties in modelling energy generation and demands.  In contrast, section 2.3 

describes several studies which find that storage assets operate differently when dedicated to 
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system benefit, than if they were to maximise their own incomes through arbitrage, or enable 

lowest cost or best value for co-owned on-site renewable generation and / or demand.  Finally, 

the GB regulators have recently changed their approaches in how storage assets would be 

ƳƻŘŜƭƭŜŘΣ ƛƴ ŀǘǘŜƳǇǘ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ŦŀǎǘŜǊ ŎƻƴƴŜŎǘƛƻƴǎΦ  ¢ƘŜ ǉǳŜǎǘƛƻƴ ƻŦ άwhat would a battery 

do, and how would it affect electricity networks?έ ƛŦ ŎƻƴƴŜŎǘŜŘ ƛƴ .ǊƛǘŀƛƴΣ ƛǎ ƴƻǘ ŀŘŜǉǳŀǘŜƭȅ 

answered in the preceding literature, and is the subject of this thesis.  

2.1. Overview of storage activity in electrical networks  

Though the scope of this PhD is short-duration batteries, it is useful to review these and their 

effects on electricity networks in the context of the broader topic of services which energy 

storage assets in general can provide to grids.  

Many authors describe energy storage as an enabler for greater roll-out of renewable energy 

into electrical power systems, and also to support more active distribution networks.  

Reviewing storage technologies including mechanical, electromagnetic, electrochemical, 

gravitational and synthetic fuels (e.g. hydrogen), [53]ς[58] describe various roles storage 

devices can have for electrical power systems, of which [54], [56], [58], [59] refer to a UK or GB 

context.     

Storage devices can provide services at timescales ranging from milliseconds (within a cycle of 

the electrical waveform) to support power quality, potentially up to weeks or longer for 

seasonal energy storage8, and can support power system operation and its users under both 

normal and contingency conditions.  These uses are summarised below in Figure 2. 

 
8 [56] stated at time of writing (2015) that in the absence of commercialised energy storage technologies 
ŦƻǊ ǎŜŀǎƻƴŀƭ ǎǘƻǊŀƎŜ ǘƛƳŜǎŎŀƭŜǎ  άǎǘƻǊƛƴƎ Ŧƻǎǎƛƭ ŦǳŜƭǎ ƛǎ ǎǘƛƭƭ ŀ ǇǊŀŎǘƛŎŀƭ ǎƻƭǳǘƛƻƴέΦ 
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Figure 2 Electrical energy storage technologies with challenges to the UK energy systems. Reproduced from  [56] 

All reviews describe storage deployment as an enabler for greater integration of variable-

output renewable generation, by offering services traditionally provided by conventional fossil-

fuel plant, and by mitigating some of the challenges of variable renewable generation to grids 

and system operators.  [53], [57] also refer to creation of a peak-output profile suitable for 

demand from inflexible baseload (nuclear) stations.   

!ǇǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ǎǘƻǊŀƎŜ ƛƴ ǘƘŜ ƳƛƴǳǘŜǎ ǘƻ ƘƻǳǊǎ ǘƛƳŜŦǊŀƳŜ ƛƴŎƭǳŘŜ άǘƛƳŜ-ǎƘƛŦǘƛƴƎέΣ άƭƻŀŘ-

ƭŜǾŜƭƭƛƴƎέΣ άǇŜŀƪ-ǎƘŀǾƛƴƎέΣ ǇŜǊŦƻǊƳŜŘ ōȅ ōŀǘǘŜǊƛŜǎΣ ǇǳƳǇŜŘ ƘȅŘǊƻ ŀƴŘ ŎƻƳǇǊŜǎǎŜŘ ŀƛǊ ŜƴŜǊƎȅ 

storage devices, with potential for also flow batteries and thermal energy storage to provide 

such functions.  Interestingly, [54], [55], [58] refer to energy arbitrage (wholesale trades) as a 

service that storage devices could offer, a topic area which is revisited in more detail in the 

following chapters of this thesis. 

Particularly relevant to this study are applications of storage to reduce congestion on electrical 

power networks, and the need for their reinforcement.  [53]ς[56] refer to relief of transmission 

congestion and / or deferral of transmission network upgrade as a service, with [55] also listing 

distribution network deferral as a benefit storage can bring to networks.  [58] refers generally 

ǘƻ άnetwork upgrade investment deferral or avoidanceέΣ ƛƴŎƭǳŘƛƴƎ άlocal network constraint 

management servicesέ ŀǎ ŀ ǇƻǘŜƴǘƛŀƭ ōŜƴŜŦƛǘΣ ŀƴŘ ƛǎ ŘŜǎŎǊƛōŜŘ ƛƴ ƎǊŜŀǘŜǊ ŘŜǘŀƛƭ ƛƴ {ŜŎǘƛƻƴ 2.3.3.  

The following sections of this chapter review literature on the specific question of whether 
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storage deployment can reduce system costs by avoiding or deferring the need to reinforce 

electricity networks, particularly in the context of energy transition requiring additional 

renewables.  

In some ways, the division of services which storage assets could provide is a little artificial, in 

that several are different ways of viewing the same matter.  For example, a storage asset 

ǎǳŎŎŜǎǎŦǳƭƭȅ ǇŜǊŦƻǊƳƛƴƎ ŀ άpeak shavingέ ǘȅǇŜ ƻŦ ǊƻƭŜ ƳŀȅΣ ƛƴ ǎƻ ŘƻƛƴƎΣ Ƴŀȅ ǇǊƻǾƛŘŜ congestion 

relief to the network, and so may avoid the need for a network reinforcement there.  In the 

case of inflexible generation (solar PV and wind) causing generation-driven peaks which do not 

ŎƻƛƴŎƛŘŜ ǿƛǘƘ ƭƻŎŀƭ ŘŜƳŀƴŘǎΣ ŀƴȅ άgeneration peak shavingέ ǎŜǊǾƛŎŜ ŀ ǎǘƻǊŀƎŜ ŀǎǎŜǘ ŎƻǳƭŘ 

provide would be likely to enable greater use of the renewable resource, with financial benefits 

to the generator owner, and it is likely, financial and environmental benefits to the wider 

system and all users, by reduced reliance on conventional generators.  Enlarged demand peaks 

may arise from the electrification of heat and / or transport, so any successful storage 

deployment to address such increased demand flows could enable greater penetration of 

demand electrification technologies.  Furthermore, where peak network flows are demand-

ŘǊƛǾŜƴΣ ŀƴŘ ǊƛǎŜ ŀōƻǾŜ ǘƘŜ ƴŜǘǿƻǊƪΩǎ ǎŜŎǳǊŜ όŜΦƎΦ Ψb-мΩύ ŎŀǇŀŎƛǘȅΣ ǘƘŜƴ ŀ ŘŜǘŜǊƛƻǊŀǘƛƻƴ ƛƴ 

reliability of supply would be expected, a problem which, again, a storage asset may alleviate.  

Even understanding that these different network services do overlap with each other, the 

sections below utilise the different named network services, according to the emphases of the 

ǎǘǳŘƛŜǎΦ ¢ƘŜ ŎƘŀǇǘŜǊ ōŜƭƻǿ ŀƭǎƻ ǎŜǇŀǊŀǘŜǎ ǊŜǾƛŜǿǎ ŀǎǎǳƳƛƴƎ άǇŜǊŦŜŎǘ ŦƻǊŜǎight, storage 

ŘŜŘƛŎŀǘŜŘ ǘƻ ǎŜǊǾƛƴƎ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳέ ŦǊƻƳ ƳƻǊŜ άǊŜŀƭ ǿƻǊƭŘέ ǎŎŜƴŀǊƛƻǎΣ ƛƴ ǿƘƛŎƘ ǎǘƻǊŀƎŜ 

assets may have different motivations and thus exhibit different behaviour.    

 

2.2. Storage dedicated to serving the electricity system 

The papers in this section assume that a storage asset would be deployed in order to assist the 

electricity network or wider system, such as by relieving network constraints.  Most of these 

ǇŀǇŜǊǎ ǎǘŀǘŜ ƻǊ ƛƳǇƭȅ ǘƘŀǘ ǘƘŜ ǎǘƻǊŀƎŜ ŀǎǎŜǘǎΩ ǎŎƘŜŘǳƭƛƴƎ ǿƻǳƭŘ ōŜ ŎƻƴǘǊƻƭƭŜŘ ōȅ ŀ ƴŜǘǿƻǊƪ ƻǊ 

system operator; a smaller number e.g. [60], [61] raise the possibility of third party ownership, 

but within a scenario in which the battery is under contract to deliver specific services, or that 

the battery owners agree for the battery to be remotely controlled, e.g. by a DNO.  There is a 

short discussion on methodologies following the individual paper reviews, in subsection 2.2.4.   
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This section splits reviews by the scale of proposed battery (or other storage) projects.  Section 

2.2.1 describes smaller scale storage projects connected to lower voltage levels of distribution 

networks; Section 2.2.2 considers larger projects, of a scale to be connected to or to serve 

higher voltage levels of distribution networks and transmission networks.  This distinction is 

made because of some generic differences in technologies (potentially both generation and 

storage), and in potential services or benefits the storage assets could deliver. 

2.2.1. Small scale storage: LV / MV / HV networks   

This section describes smaller scale projects, of a scale to be located within homes, small 

commercial demand user sites, or grid-scale batteries of a scale to support lower-voltage levels 

of distribution networks (LV and HV in GB system, up to a nominal voltage of 22 kV [62] , there 

ōŜƛƴƎ ƴƻ άa±έ ǾƻƭǘŀƎŜ ƭŜǾŜƭύΦ  Power flows can be more stochastic at the lowest voltage levels 

of network, there being fewer connected customers, and thus less of the diversification which 

ǘŜƴŘǎ ǘƻ άǎƳƻƻǘƘ ƻǳǘέ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ Ŧƭƻǿǎ ƻǾŜǊ ǘƛƳŜ and from place to place.  Thus, arguably, 

the lowest voltage networks are the most challenging to manage [63].  In all cases, the storage 

assets are batteries. 

2.2.1.1. Reduction of maximum network flows: peak shaving, time shifting and 

/ or load levelling  

A number of studies investigate the effect of small batteries, for use in residential properties, 

or to support LV or MV networks, using storage for a few hours a day for peak shaving at times 

of maximum demands, or potentially maximum PV generation.  The studies used generic or 

actual load profiles, and calculate storage sized to avoid thermal overloads or voltage 

ǾƛƻƭŀǘƛƻƴǎΦ  ¢ƘŜǎŜ ǎŜǊǾƛŎŜǎ ŎƻǳƭŘ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ōŜ ǾƛŜǿŜŘ ŀǎ άŎƻƴƎŜǎǘƛƻƴ ǊŜƭƛŜŦέ ƻǊ άŀǾƻƛŘŀƴŎŜ ƻŦ 

ƴŜǘǿƻǊƪ ǊŜƛƴŦƻǊŎŜƳŜƴǘέΦ  

Pimm et al [64] in 2018 investigate the potential for batteries in homes to perform peak 

shaving for LV distribution networks, using typical houses in Birmingham, England, as case 

studies, using the CREST model [65] to simulate residential demands.  The authors state 

potential system benefits and cost reductions of peak shaving arising from reduced peak 

generation capacity and associated peak plant emissions, and deferred distribution 

reinforcement, particularly with expected future load growth from electrified transport and 

heating.  The work found that 2kWh of battery storage per house could reduce solar PV export 

peak flows at LV substations by 50%, and that 3kWh per household could keep demand peaks 

to current levels following electrification of space and water heating with heat pumps.  The 
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study concludes that batteries sited in homes could significantly reduce peak flows on LV 

networks and substations and potentially also at higher voltage levels, if batteries are suitably 

incentivised or coordinated to do so.  The authors acknowledge that such incentives or 

coordination mechanisms did not exist at the time of writing.   

In a piece of work on a distribution network in NW England in 2018, [66], Johnson, Mayfield 

and Beck also explore the use of distributed battery storage to avoid LV reinforcements, in a 

context of outputs from rooftop PV causing voltage rises, potentially in violation of network 

limits.  A central coordinator uses a linear programming OPF to control battery energy storage 

ǳƴƛǘǎ ƭƻŎŀǘŜŘ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέ ƻŦ ǊŜǎƛŘŜƴǘƛŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ǎŜŜƪƛƴƎ ǘƻ ƳƛƴƛƳƛǎŜ ŎƻƴǎǳƳŜǊ ōƛƭƭǎ 

through use of on-site solar PV, low-ǇǊƛŎŜ άŜŎƻƴƻƳȅ тέ ƴƛƎƘǘ ǘƛƳŜ ǘŀǊƛŦŦǎΦ  ¢ƘŜ ŀƭƎƻǊƛǘƘƳǎ 

include constraints of ranges of voltage, power flows, power factor and line losses within the 

feeders, and takes into account expected battery degradation rates; a conservative estimation 

ƻŦ t± ƻǳǘǇǳǘ ǿŀǎ ǳǎŜŘ ǘƻ ŀƭƭƻǿ ŦƻǊ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǿŜŀǘƘŜǊ ŦƻǊŜŎŀǎǘǎΦ  άBest-caseέ ƭƻŎŀǘƛƻƴǎ ŀƴŘ 

sizes of batteries were computed, using a multi-period mixed integer linear programming 

approach, aiming to minimise the cost of installation of batteries and inverters, costs which 

were later compared with traditional network reinforcements. The study presumes the 

batteries are either owned and operated by the DNO, or by a third party on behalf of the DNO.  

However, the work found that in all studied cases, traditional reinforcements could be carried 

out at lower cost than installation and operation of battery energy storage, even allowing for 

the benefit of reduced residential electricity bills.  The authors suggest, however, that other 

scenarios, including longer feeders in rural areas, and deployment of air-source heat pumps, 

would be worth further study, both scenarios being more prone to voltage violations than the 

scenarios studied, to see whether battery deployment may be a more cost-effective solution 

than network reinforcement in these other cases.  Presumably a significant fall in capital costs 

of battery storage would also cause deployment of batteries to be more financially favourable.   

In [67], Samper Vargas and Flores study a real congested section of MV / LV distribution 

network in Argentina, with high penetration of rooftop solar PV, and in which projected 

increases in both demand and solar PV export flows were expected to exceed network limits in 

the coming years.  Taking into account costs of network constraints limiting generation and 

demands at times of peak flows (costs of energy not served, curtailed PV generation and 

voltage violations in excess of 0.05 per unit), the work compares cosǘǎ ƻŦ άƴƻ ŀŎǘƛƻƴέΣ 

άǘǊŀŘƛǘƛƻƴŀƭ ǊŜƛƴŦƻǊŎŜƳŜƴǘέ ŀƴŘ άōŀǘǘŜǊȅ ǎǘƻǊŀƎŜέΣ ŀŦǘŜǊ ōƻǘƘ ŦƛǾŜ ŀƴŘ ǘŜƴ ȅŜŀǊǎΦ  !ǎǎǳƳƛƴƎ 
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annual demand growth of 4%, the study found that cost of losses would escalate over the 

ŎƻƳƛƴƎ ŘŜŎŀŘŜ ǳƴŘŜǊ ŀ άƴƻ ŀŎǘƛƻƴέ ǎŎŜƴŀǊƛƻΣ ŀƴŘ ǘƘŀǘ ǘǊŀŘƛǘƛƻƴŀƭ ǊŜƛƴŦƻǊŎŜƳŜƴǘǎ όƻŦ ŀ 

ǘǊŀƴǎŦƻǊƳŜǊ ŀǘ ȅŜŀǊ нΣ ŀƴŘ ǘǿƻ ƭƛƴŜǎ ŀǘ ȅŜŀǊǎ о ŀƴŘ пύ ǿŜǊŜ ƭŜǎǎ Ŏƻǎǘƭȅ ǘƘŀƴ άƴƻ ŀŎǘƛƻƴέΦ  

Regarding storage as an alternative to reinforcement, the authors considered several types of 

battery, selected lead-acid, and proposed battery installation at seven selected sites as an 

alternative to the transformer upgrade and reinforcements of two lines.  Net Present Value 

(NPV) of costs after 5 years were slightly better than those of traditional reinforcement, and 

projected NPVs of the two alternative interventions after ten years were the same.  A further 

scenario of initial installation of batteries, and later reinforcements (all in year 6), yielded the 

best financial results, even with sensitivities of differing rates of demand increase.  However, 

this result was sensitive to major increases in costs of batteries ς increases up to 50% were 

considered - potentially arising from future Argentinian currency devaluation.  The major 

difference of this piece of work from a UK situation is indeed the financial environment: this 

study used an annual financial discount rate of 15%; in the UK, the Weighted Average Cost of 

Capital for distribution network companies was just under 4% p.a. during the ED2 price control 

period [68].  Thus, deferral of reinforcement here in Britain would have a much smaller 

financial benefit than in Argentina.   

Fidalgo, Couto and Fournié describe a study of an active distribution network, initially in a 

single line test model, based on a mainline and substation in Vila Robin, in Portugal, and later 

in a model of a medium voltage network based on part of the city of Bologna, Italy, in [69].  

¢ƘŜ ǎƛƳǳƭŀǘŜŘ ƴŜǘǿƻǊƪǎ ƘŀŘ άƴƻ ǎƳŀǊǘ ƎǊƛŘέ ƳƻŘŜǎΣ ǿƛǘƘ ƴƻ ŦƭŜȄƛōƭŜ ǊŜǎƻǳǊŎŜǎΣ ŀƴŘ άǎƳŀǊǘ 

ƎǊƛŘέ ƳƻŘŜǎΣ ǿƛǘƘ ŎƻƴƴŜŎǘŜŘ ƳƛŎǊƻƎŜƴŜǊŀǘƛƻƴΣ ŦƭŜȄƛōƭŜ ŘŜƳŀƴŘǎΣ 9± άǎƳŀǊǘ ŎƘŀǊƎƛƴƎέΤ ƛƴƛǘƛŀƭ 

plans to also include energy storage were not pursued, though the use of other flexible 

resources makes this paper relevant.  The modelling was over a 20 year period, and assumed 

growths in loads which would approach or pass the maximum loading of network components 

e.g. cables, at some point.  The authors describe the context: the network rules oblige the 

ƴŜǘǿƻǊƪ ƻǿƴŜǊ ǘƻ ǳǇƎǊŀŘŜ ŀƴ ŀǎǎŜǘ ƻƴŎŜ ǇŜŀƪ Ŧƭƻǿǎ ǊŜŀŎƘ ŀǊƻǳƴŘ фл҈ ƻŦ ŀƴ ŀǎǎŜǘΩǎ ǊŀǘŜŘ 

ŎŀǇŀŎƛǘȅΣ ŀ ǎƛǘǳŀǘƛƻƴ ǘƘŜ ŀǳǘƘƻǊǎ ǊŜŦŜǊ ǘƻ ŀǎ άǘǊƛƎƎŜǊƛƴƎ ǊŜƛƴŦƻǊŎŜƳŜƴǘέΦ  The authors 

investigated whether the ŦƭŜȄƛōƭŜ ǊŜǎƻǳǊŎŜǎ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ ŀǾƻƛŘ ƻǊ ŘŜƭŀȅ ŀ άǘǊƛƎƎŜǊŜŘέ 

reinforcement, and whether such actions would save money: however they found, in contrast 

to other studies, that deferral of network reinforcement was not the overall lowest cost 

option. Their analyses included costs of energy losses, costs which were significant and which 

ǿŜǊŜ ǊŜŘǳŎŜŘ ŦƻƭƭƻǿƛƴƎ ǊŜƛƴŦƻǊŎŜƳŜƴǘΣ ŀƭƻƴƎǎƛŘŜ Ŏƻǎǘǎ ƻŦ ŜƴŜǊƎȅΣ ŀƴŘ ƛƴ ǘƘŜ άǎƳŀǊǘ ƎǊƛŘέ 
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ǎŎŜƴŀǊƛƻǎΣ Ŏƻǎǘǎ ƻŦ ǎƘƛŦǘƛƴƎ ŘŜƳŀƴŘ ŀƴŘ 9± άǎƳŀǊǘ ŎƘŀǊƎƛƴƎέΦ  Lƴ ōƻǘƘ ǘŜǎǘ ƴŜǘǿƻǊƪǎΣ ǘƘŜ 

ŀǳǘƘƻǊǎ ŦƻǳƴŘ ǘƘŀǘ ŀƴ άƻǇǘƛƳŀƭ ǳǇƎǊŀŘŜέΣ ŎƻƴŘǳŎǘŜŘ ŜŀǊƭƛŜǊ ǘƘŀƴ ŀ άǘǊŀŘƛǘƛƻƴŀƭ ǳǇƎǊŀŘŜέ 

ŀƭƭƻǿŜŘ ƭƻǿŜǊ ƻǾŜǊŀƭƭ ŎƻǎǘǎΣ ƛƴ ōƻǘƘ άǎƳŀǊǘ ƎǊƛŘέ ŀƴŘ άƴƻ ǎƳŀǊǘ ƎǊƛŘέ ǎŎŜƴŀǊƛƻǎ.  The effect of 

άǎƳŀǊǘ ƎǊƛŘέ ŎƻƳǇŀǊŜŘ ǘƻ άƴƻ ǎƳŀǊǘ ƎǊƛŘέ ǎŎŜƴŀǊƛƻǎ ǿŜǊŜ ǾŀǊƛŀōƭŜΦ    

A Spanish study into the potential for batteries to avoid or defer MV distribution network 

ǊŜƛƴŦƻǊŎŜƳŜƴǘΣ ōȅ άǇŜŀƪ ǎƘŀǾƛƴƎέ ƛǎ ǇǊŜǎŜƴǘŜŘ ōȅ aŀǘŜƻ Ŝǘ ŀƭ όнлмсύ ƛƴ [70].  Using reference 

network models, with input parameters corresponding to rural and urban areas, the research 

ƳƻŘŜƭǎ ǘƘŜ ƴŜǘǿƻǊƪΣ ǳǎƛƴƎ ǎǘŀƴŘŀǊŘ ƭƻŀŘ ŀƴŘ ƎŜƴŜǊŀǘƛƻƴ ǇǊƻŦƛƭŜǎΦ  Lƴ ǘƘŜ άŀŘŘŜŘ ǎǘƻǊŀƎŜέ ŎŀǎŜΣ 

the battery is despatched to discharge at times of peak demand, and to charge at times of 

lowest demands.  This scenario is costed and compared with an alternative scenario of 

network reinforcement.  The work found that at current costs of batteries, network 

reinforcement would be a lower-cost action, but that future falls in battery prices, or 

extensions in their service lives, could make storage more attractive.   The same team 

conducted a later study, [71], again assuming batteries are operated by or for the benefit of 

the DNO to reduce voltage or thermal violations, at a 500-bus piece of network with expected 

load growth.  The study uses a genetic algorithm to compare different battery storage 

alternatives, and DNO must choose a reinforcement decision in the event of violations. The 

work found some cases where battery storage was an economical alternative to network 

reinforcement, but generally traditional reinforcement was a lower cost option.  They stated 

the economics for battery installation may be more favourable to batteries if they are allowed 

to engage in other revenue streams.   

In [72], Brubæk and Korpås study a small remote Norwegian section of distribution network 

which supplies cabins used for holidays, and in which voltage violations at times of highest 

demands would require network reinforcement or another solution.  The study used a 

backward-forward sweep algorithm to study load flows and to compare line reinforcement 

with an proposed alternative of battery installation.  The work found that either reinforcement 

or installation of a suitably-sized battery could address the voltage problem.  In the main case 

study, line reinforcement would be 77% cheaper than a battery solution, though the battery 

would be the cheaper option under some sensitivities requiring smaller battery: a shorter line 

causing lower voltage drops, or reduced peak load because of connection to a smaller number 

of cabins.  The battery model here uses only voltage to trigger instructions to charge or 

discharge, and has a surprisingly high round-trip efficiency of 95%; the battery sizing 
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requirements require 10kW and 65 kWh, which is a longer duration than is usual for lithium 

ion batteries.  The study neglects battery degradation or potential effects of temperature on 

its performance, and suggests many areas for further work.  Though a fairly small study, its 

ŦƛƴŘƛƴƎǎ ŀǊŜ ƛƴ ƭƛƴŜ ǿƛǘƘ ƻǘƘŜǊǎΩΦ  

bȅƪŀƳǇ Ŝǘ ŀƭ ŘŜǎŎǊƛōŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ōŀǘǘŜǊȅ ǎǘƻǊŀƎŜ ǘƻ ǇŜǊŦƻǊƳ ŀ άǇŜŀƪ ǎƘŀǾƛƴƎέ ǊƻƭŜ ƛƴ ŀƴ 

area of the town Westnetz, Germany, for a limited period of time, in [73].  Peak flows in part of 

ǘƘŜ ǘƻǿƴΩǎ ƴŜǘǿƻǊƪ ǎƻƳŜǘƛƳŜǎ ōǊŜŀŎƘ ƴŜǘǿƻǊƪ ƭƛƳƛǘǎΣ ǿƘƛŎƘ ǿƻǳƭŘ ƴƻǊƳŀƭƭȅ ǘǊƛƎƎŜǊ ŀ 

reinforcement.  However, wider reinforcement work was planned in Westnetz, which would 

leave any local reinforcement as a stranded asset.  The study suggests that a temporary 

battery unit could be used for a year to control network flows and avoid violations, pending 

wider reinforcement, after which the battery could be relocated.  The paper states DNOs are 

incentivised to reduce OPEX expenses, which a third party flexibility service would be, and that 

classification of the battery as a CAPEX grid investment may be more attractive option to the 

DNO.  However, electricity system unbundling regulations would prohibit a DNO-owned 

battery from engaging in other activities such as balancing services, though such activities may 

be an overall best use of the asset.  Overall, this paper is an interesting case of potential 

battery use as an alternative to a short-term reinforcement, and some of the relevant 

regulatory factors.   

These papers, describing studies in GB, several other European countries and one from South 

America, give examples of situations where installation of a suitably controlled or incentivised 

battery can reduce projected rises in maximum power flows in distribution networks.  In all 

cases, whether peak flows were caused by increases in demands or PV generation, battery 

installation could avoid or delay network reinforcement, though the findings regarding 

financial competitiveness of a battery installation, compared to traditional reinforcement, 

were very mixed.  Factors favouring battery installation to be lower cost include a lower capital 

cost of battery and a higher cost of network reinforcement; a higher financial discount rate 

also favours deferral of network reinforcement.  The scope of the study is also important, for 

example, few studies include the cost of energy losses, which would strengthen the case for 

reinforcement, and some circumstances, such as a temporary need for increased network 

capacity, would tend to favour temporary battery deployment.  
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2.2.1.2. Enabling electrification of heat and transport 

Most decarbonisation pathways for the UK require significant electrification of heating and 

ǘǊŀƴǎǇƻǊǘΣ ǘƻ ǊŜŘǳŎŜ ǘƘŜǎŜ ǎŜŎǘƻǊǎΩ ŎǳǊǊŜƴǘ ŘŜǇŜƴŘŜƴŎŜ ƻƴ Ŧƻǎǎƛƭ ŦǳŜƭǎ [52].  This section 

describes how the use of batteries could help enable existing distribution networks cope with 

the additional demands that these sectoral shifts are expected bring.  

Mohamed et al studied a 53-node distribution feeder in Northern Ireland, in which a simulated 

uptake of heat pumps and EVs was projected to cause voltage violations during evenings [74].  

The researchers use several swarm-inspired optimisation algorithms to compute suitable sizing 

and siting of battery energy storage.  The modelled network behaviour with storage avoided 

violations, and is a suggested tool for network planners, to prepare for an expected take-up of 

Low Carbon Technologies, and the demands it is likely to place on distribution networks.  

Steinbach and Blaschke [61] examined the potential for home-located batteries, together with 

t± ǎȅǎǘŜƳǎΣ ǘƻ ǎǳǇǇƻǊǘ DŜǊƳŀƴȅΩǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƴŜǘǿƻǊƪ ƛƴ ǘƘŜ ŦŀŎŜ ƻŦ ƛƴŎǊŜŀǎŜŘ ŘŜƳŀƴŘǎ ŦǊƻƳ 

electrification of transport. Studying rural, suburban and urban case study sections of network, 

flows were simulated using load profile data supplemented by calculated PV, EV charging, and 

battery flows, where the batteries are instructed to charge whenever PV generation exceeds 

consumption, and to discharge whenever consumption exceeds PV generation, whenever the 

ōŀǘǘŜǊȅΩǎ {ǘŀǘŜ ƻŦ /ƘŀǊƎŜ ŀƭƭƻǿǎΦ  ¢ƘŜ ǿƻǊƪ ŦƻǳƴŘ ǎǳŎƘ ōŀǘǘŜǊȅ ŀƴŘ t± ŀŎǘƛƻƴ ǿƻǳƭŘ ǊŜŘǳŎŜ 

distribution peak flows and allow greater EV penetration before additional loads would trigger 

reinforcement, and recommends government action to facilitate household PV and battery 

installation.   

Also in Germany, Held et al [75] investigate the use of battery as a temporary measure to avoid 

feeder overloads, caused by EV-charging, pending network reinforcement, a process expected 

to take several months.  This study described both simulation and small site trials on LV 

networks where a combination of residential demands and EV charging would cause power 

flow or voltage violations of an LV feeder.  The study found that installation of a battery could 

indeed avoid many of the violation events, though performance was better in simulations than 

in real site trials, for reasons including a timing offset, some battery malfunctions, and 

occasions of battery capacity limit.   

Janssen et al [76] describe increasing network congestion in the Netherlands, largely driven by 

an EV roll-out, with PV-generation causing congestion in their selected case study network.  

They suggest the use of a Relocatable Energy Storage System (RESS), probably a fleet of EVs 
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dedicated to this purpose, which could be moved, in quick response to congestion arising 

within the test network.  The authors propose a method to optimally locate and move the 

RESS.  This initial study yielded promising results: fewer mobile energy storage units would be 

needed, compared to stationary storage units, to provide adequate congestion relief in the 

network of study.  The study does not suggest that such action might replace congestion in 

electricity networks with congestion on road networks, though it recommends further study to 

consider traffic and other issues.     

Though comparing different forms of flexibility, and their effectiveness and cost-effectiveness 

is out of scope of this thesis, one reference of particular interest is mentioned here, as being 

ǊŜƭŜǾŀƴǘ ǘƻ ǘƘŜ άƻǾŜǊŀǊŎƘƛƴƎ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴέ ǇƻǎŜŘ ƛƴ /ƘŀǇǘŜr 1.  Rinaldi et al used a 

άǎŜŎǘƻǊ-ŎƻǳǇƭƛƴƎέ ƳƻŘŜƭ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘŜŘ ōƻǘƘ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ ǎȅǎǘŜƳ ŀƴŘ ǘƘŜ 

residential heating demands across their country, Switzerland [35].   The model incorporates 

ōƻǘƘ ǎŜŎǘƻǊǎΩ ŘŜƳŀƴŘ ǇǊƻŦƛƭŜǎ, electricity system constraints, and seeks to minimise total costs 

across both systems.  The authors investigated the effect of adding different forms of flexibility 

Σ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŜȄǇŜŎǘŜŘ ŘŜŎŀǊōƻƴƛǎŀǘƛƻƴ ƻŦ ƘŜŀǘ ŀƴŘ ǘǊŀƴǎǇƻǊǘ [35].   They 

found that widespread use of electric boilers for residential water heating, combined with a 

hot water tank, provided considerable flexibility to the electrical power system, especially 

when heating times could be optimised according to grid conditions.  A heat pump roll-out 

would enable greater self-consumption of home PV output, but would increase the need for 

electrical storage on the grid in some scenarios, depending on roll-out rate, whether such 

heating system changes would be accompanied by retrofit to reduce overall heating needs.  

Demand-side response of wet appliances was found to have a relatively small effect on the 

ƎǊƛŘΩǎ ƴŜŜŘ ŦƻǊ ŜƭŜŎǘǊƛŎŀƭ ǎǘƻǊŀƎŜΦ  ¢ƘŜ ǿƻǊƪ ŦƻǳƴŘ ŀ ǘǊŀŘŜ-off between capacity of electrical 

storage, and capacity of distribution networks: the optimisation model considered 5 scenarios 

of distribution network capacity (from 95% to 115% of the current state), and found that the 

storage capacity required to avoid modelling constraints varied strongly in inverse correlation 

to DN capacity.   This work describes a number of interactions between different forms of 

flexibility and low-carbon technologies.  While appropriate or best-case solutions may differ 

between Britain and Switzerland, this studies generic findings ς that the projected needs of 

any single form of flexibility are likely to be highly scenario-dependent ς are considered likely 

to apply widely.  
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Altogether, the above 5 papers, from Northern Ireland, Germany, Switzerland and the 

Netherlands, describe the potential for batteries, in 2 cases together with PV, to support 

distribution networks in the context of electrification of heat and / or transport demands.  

While results were ƴƻǘ ŀƭǿŀȅǎ άǇŜǊŦŜŎǘέΣ e.g. simulation results differing from those from field 

trials, they provide useful insight into the strength, or otherwise, of economic arguments for 

the installation of batteries, and on how scenario-dŜǇŜƴŘŜƴǘ ŀ άƭƻǿŜǎǘ Ŏƻǎǘέ ŘŜŎƛǎƛƻƴ 

regarding use and sizing of batteries, or alternative interventions, would be.  These papers 

provide tools for network planners, and policy advice for governments. 

2.2.1.3. Reliability improvement 

This section describes studies in which a battery, alone or together with another technology, 

Ŏŀƴ ŘŜƭƛǾŜǊ άǊŜƭƛŀōƛƭƛǘȅ ƛƳǇǊƻǾŜƳŜƴǘέ ǘƻ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ ŘŜƳŀƴŘ ǳǎŜǊǎΦ  Lƴ ǘƘŜ ŦƛǊǎǘ ǘǿƻ 

papers, the authors explore how to assess battery deployment, as an alternative to other 

interventions, under circumstances in which a DNO would normally be required to reinforce or 

take other action, to maintain required level of security of supply (as set out, for example, in 

[77]).   The context is similar to those of Section 2.2.1.1Σ ƛΦŜΦ ǎŜŜƪƛƴƎ ŀ άǇŜŀƪ-ǎƘŀǾƛƴƎέ ǘȅǇŜ ƻŦ 

service, but viewed from the angle of reliability metrics.  The third paper suggests the use of 

mobile storage to deploy to areas affected by faults, to enable faster restoration of power.     

Greenwood et al investigated the possibility of batteries improving network reliability, by 

άǇŜŀƪ ǎƘŀǾƛƴƎέΣ ƛƴ ŀ нлму D.-based study [78].  This study investigates whether battery 

storage, in combination with real time thermal ratings (RTTRs), could defer reinforcement of a 

section of distribution network whose reinforcement would be triggered by peak demand 

flows.  On some days such flows would exceed static line ratings for 3 hours in early evenings, 

a problem which expected demand growth would exacerbate.  The authors use probabilistic 

methods to compute Expected Energy Not Supplied(EENS) metrics, at different seasons, using 

historical information about network reliability and demands.  Calculations were repeated 

using both static line ratings and RTTRs based on weather information, and with a variously-

sized battery to support supply of demand if needed.  The study found that battery storage 

ǘƻƎŜǘƘŜǊ ǿƛǘƘ w¢¢wǎ ŎƻǳƭŘ ƛƴŘŜŜŘ Ƴŀƛƴǘŀƛƴ ǊŜƭƛŀōƛƭƛǘȅ ƳŜǘǊƛŎǎ ŀǘ ŀƴ ŀŎŎŜǇǘŀōƭŜ ƭŜǾŜƭ ŦƻǊ άŀǘ 

ƭŜŀǎǘ мл ȅŜŀǊǎέΣ ŀƭƭƻǿƛƴƎ ŘŜŦŜǊƳŜƴǘ ƻŦ ǊŜƛƴŦƻǊŎŜƳŜƴǘΦ  ¢ƘŜ ǎǘǳŘȅ ŦƻǳƴŘ ǘƘŀǘ ǳǎŜ ƻŦ w¢¢wǎ 

together with storage would require less cycling from the battery, likely to extend its service 

life, or alternatively free up the battery to perform other activities such as ancillary services 

provision at times.  The work does not consider network limits as being a constraint to such 
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activities.  Regarding battery sizing, this work cites results from a real site trial, which found 

that battery energy capacity had a greater impact than power capacity on network reliability; 

furthermore, reliability of the battery itself was an important factor in EENS performance.  The 

work does not include a full economic appraisal, but surmises that the battery may need to 

engage in multiple revenue streams to be financially viable.   As in [79], the authors 

recommend market or regulatory changes to facilitate the use of battery storage in reliability 

provision; [78] also recommends development of additional markets for storage services.  

London-based Konstantelos and Strbac also investigate the use of energy storage for providing 

a security contribution to networks in [79].  The work proposes a novel methodology to 

ŎƻƳǇǳǘŜ ǘƘŜ άŜǉǳƛǾŀƭŜƴǘ ƭƻŀŘ ŎŀǊǊȅƛƴƎ ŎŀǇŀŎƛǘȅ ό9[//ύέΣ ǿƘƛŎƘ ǘƘŜȅ ŘŜŦƛƴŜ ŀǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ 

demand whose connection could be enabled by the addition of energy storage, without 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ά9ȄǇŜŎǘŜŘ 9ƴŜǊƎȅ bƻǘ {ǳǇǇƭƛŜŘέ ƳŜǘǊƛŎ ƻŦ ƴŜǘǿƻǊƪ όǳƴύǊŜƭƛŀōƛƭƛǘȅΣ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ 

of a small distribution network under single and double fault conditions.  ELCC values are 

computed using numerous Monte Carlo simulations.  The work found that energy storage can 

indeed provide suōǎǘŀƴǘƛŀƭ ǎŜŎǳǊƛǘȅ ǘƻ ƴŜǘǿƻǊƪǎΣ ōǳǘ ǘƘŀǘ ǘƘŜ άŎŀǇŀŎƛǘȅ ǾŀƭǳŜέ ƻŦ ŜƴŜǊƎȅ 

storage is sensitive to factors including demand shape, islanding functionality and network 

redundancy.  The authors recommend further work to facilitate comparison between the value 

storage and other types of network assets provide networks, and that energy storage assets 

should indeed be suitably rewarded for any security services they provide.   

In [80], Zheng et al propose the application of mobile energy storage systems for occasional 

movement, for deployment to an area of network disconnected by a fault, in order to enable 

faster restoration of power.  The envisaged situation would have the network able to operate 

in islanded mode under fault conditions, and connected renewable energy resources, whose 

use the mobile energy storage system would facilitate, when needed.  In GB, such an approach 

could potentially be a longer term measure to improve resilience, especially in situations such 

as extreme weather events, for example Storm Arwen, in 2021, where extensive damage to 

overhead electricity lines in parts of Scotland and northern England left homes and businesses 

without power for up to 13 days [81].  This approach presupposes network rules allowing 

άƛǎƭŀƴŘŜŘ ƳƻŘŜέ operation of an area affected by a fault, and availability of sufficient local 

distributed generation resources to supplement the mobile energy store.  Clearly this would be 

a significant departure from current grid operation in GB, though an initial trial of part of the 

concept is ongoing in rural Scotland [82].         
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 Altogether, these three papers[78]ς[80], two GB-based studies and one from Australia, are 

examples of small-scale battery, both alone and also with another technology, preserving or 

improving reliability of supply to network users.  In the first two studies, the authors propose 

methods by which installation of storage can be considered as an alternative to other 

interventions, in circumstances where reinforcement or other action would be needed to 

preserve existing required network reliability standards.  These authors call for an update to 

the GB regulatory framework, to facilitate storage deployment to be an option for this 

purpose. The third paper proposes to improve resilience from the status quo, by deployment 

of mobile storage post-fault, to facilitate more rapid power restoration: this approach would 

ǊŜǉǳƛǊŜ ƴŜǘǿƻǊƪǎΩ ƻǇŜǊŀǘƛƻƴ ƛƴ ƛǎƭŀƴŘŜŘ ƳƻŘŜΣ ǿƘƛŎƘ ǿƻǳƭŘ ōŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ŦǊƻƳ 

current practices in GB, though may be a useful approach in the future.   

2.2.2. Transmission and large distribution scale  

Though papers in this and the preceding section all concern storage projects as a possible 

alternative to network reinforcement, in the face of changing patterns of generation and 

demands, there are some generic differences between projects of smaller and larger scales.  

Thus,  these papers differ from those in the preceding section in several ways.  In the papers in 

this section: -  

¶ Maximum electricity flows through networks are all generation-dominated.  This was 

the case in some of the studies in the previous section, but demand-driven maximum 

flows were more often reported  

¶ The generation is from windfarms, rather than smaller-scale solar installations, as, to 

date, large windfarms have larger capacities than the largest of solar farms.  (In two of 

the cases reviewed below, both in China, remote wind and solar resources are located 

relatively close to each other and are considered together.)   

¶ The studies in this section aim to utilise more renewable generation, in order to 

reduce use of fossil fuel generation elsewhere on the grid, for economic and 

environmental reasons.  In the following studies, this could be achieved by building a 

new windfarm(s) in locations of limited grid capacity, or by more fully utilising outputs 

from an existing renewable generators.  Some of the studies in the previous section 

did aim to better utilise solar PV outputs, but the studies also described storage as 

potentially alleviating a broader range of problems, including declining network 
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reliability in the face of rising demands, or providing financial benefits to householders 

ōȅ ƛƴŎǊŜŀǎŜŘ άǎŜƭŦ-ŎƻƴǎǳƳǇǘƛƻƴέ ŀƴŘ ǊŜŘǳŎŜŘ ǳǎŜ ƻŦ ƎǊƛŘ ŜƭŜŎǘǊƛŎƛǘȅ  

¶ A current approach to maintain system operability when larger-scale renewable 

outputs, usually wind, which at times exceed network capacity, is their curtailment.  

Curtailment of wind generation is commonly performed in parts of the GB grid 

(primarily in Scotland) as well as in other countries.  While wasteful, this approach 

does enable connection of and generation from such windfarms pending wider 

network or other solutions.  Curtailment tends not to be an option for the smallest 

generators e.g. rooftop solar, due to lack of regulatory and network communication 

infrastructure.  

¶ While cost is a significant consideration in projects of all scales, costs are particularly 

important in some of the transmission projects here, where the storage project might 

potentially avoid a network reinforcement, or reduce the necessary capacity of a new 

network, of distances of hundreds of miles.    

¶ Considering large-scale transmission projects, and the timescales necessary for their 

planning, consent and construction, any options, such as storage deployment, which 

may avoid or delay the need for network reinforcement, could potentially bring not 

only financial benefits, but be the only way to connect new renewable resources in a 

timely manner.  

¶ Different types of storage technologies are relevant and practical at a regional or 

country-wide scale, compared to what one might install in a home or on a very local 

scale.  Though the focus of this thesis is short-duration batteries, some of the reviews 

of large-scale storage assets, as existing or potential future installations, and serving 

on a regional or country-wide scale, consider PHS (still globally the most widely-

deployed storage technology [45] or Compressed Air Energy Storage (CAES), and have 

insights relevant to this work.  

The key findings of the individual papers follow below.   

In the context of networks with high penetrations of wind, which is relevant to Scottish-based 

case study locations described in later chapters, Iranian and Irish-based  researchers Maghouli, 

Soroudi and Keane [83] ƴƻǘŜ ǘƘŀǘ άtransmission network limitations are an almost universal 

impediment to the rapid deployment of wind capacityέΣ ŀƴŘ ǘƘŀǘ ǘǊŀŘƛǘƛƻƴŀƭ ǊŜƛƴŦƻǊŎŜƳŜƴǘ 

approaches take time and are costly.  The authors suggest that deployment of storage is an 
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attractive alternative to network reinforcement, and one which could be deployed faster.  

Several types of storage are mentioned, with batteries described as having the advantage of 

being able to offer fast-acting services such as άŦǊŜǉǳŜƴŎȅ ǊŜƎǳƭŀǘƛƻƴΧ  ǎǘŀōƛƭƛǘȅ ŀƴŘ ǊŜƭƛŀōƛƭƛǘȅ 

ƛƳǇǊƻǾŜƳŜƴǘǎέ, in addition to relief of network congestion.  The authors propose a novel 

optimisation approach to best siting of storage assets on a network, with the objective 

function of minimisation of total social cost arising from costs of operation of power stations, 

load shedding, wind curtailment and pollution from conventional fuelled generators, using 

L999 ǎǘŀƴŘŀǊŘ ƴŜǘǿƻǊƪǎΦ  ¢Ƙƛǎ ǿƻǊƪ ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ǎǘƻǊŀƎŜ ŘŜǾƛŎŜǎ άare operated centrally 

by the system operatorέΦ   

PleŏaǑ, Xu and Kockar [84] describe a case study in which batteries are located in a wind-

dominated part of the southern Scotland (SP 9ƴŜǊƎȅ bŜǘǿƻǊƪǎΩ ά{t5έ ŀǊŜŀ) distribution 

network, in which five windfarms and an energy-from-waste facility connect indirectly to the 

same GSP, whose capacity is limited by the 132kV/33kV transformers.  In this case study, the 

DNO operates an Active Network Management (ANM) scheme, and all but one of the 

generators has a non-firm connection, i.e. can be curtailed by the DNO, without compensation, 

at times of network constraint.  The study used one year of real data from the DNO, historical 

and estimated outputs from all generators, and estimates the curtailment of each generator 

ŘǳǊƛƴƎ ǘƘŜ ȅŜŀǊΣ ǳƴŘŜǊ ōƻǘƘ ƴƻǊƳŀƭ ŎƻƴŘƛǘƛƻƴǎΣ ŀƴŘ ƻƴŜ άb-мέ ŎƻƴŘƛǘƛƻƴ ƛƴ which one of the 

GSP transformers is not available.  The paper presents results for the single day of the year, the 

Řŀȅ ƻŦ ƭƻǿŜǎǘ ŘŜƳŀƴŘΣ ƛƴ ǿƘƛŎƘ Ƴƻǎǘ ŎǳǊǘŀƛƭƳŜƴǘ ƻŎŎǳǊǊŜŘΣ ǳƴŘŜǊ ōƻǘƘ ƴƻǊƳŀƭ ŀƴŘ άb-мέ 

conditions.  The work compares a base case scenario (i.e. the network in its current state) with 

the addition of both a single battery, and also two batteries at different locations.  This work 

provides insight into suitable sizing and location of battery to minimise curtailment under 

άǿƻǊǎǘ ŎŀǎŜέ ŎƻƴŘƛǘƛƻƴǎ of lowest demand: the authors recommend further work investigating 

other network conditions.  This work assumed that a battery is dedicated to reduction of 

curtailment.      

!ŘŜƳǳƭŜƎǳƴΣ YŜŀǘƭŜȅ ŀƴŘ IŜǿƛǘǘΩǎΣ нлнм ǎǘǳŘȅ ƻŦ bƻǊǘƘŜǊƴ LǊŜƭŀƴŘΩǎ ǘǊŀƴǎƳƛǎǎƛƻƴ ƎǊƛŘ [60] is 

also in the context of high wind penetration.  The authors found that storage could substitute 

for or allow deferment of traditional reinforcement to reduce wind curtailment, and provides 

άŀ ǇŀǘƘǿŀȅ ǘƻǿŀǊŘǎ ƛƴŎǊŜƳŜƴǘŀƭ ƴŜǘǿƻǊƪ ƛƴǾŜǎǘƳŜƴǘέ, though without a fall in battery costs, 

reinforcement would generally be a be cheaper option.  Perplexingly, the authors also suggest 

storage could potentially address instances of wind generation curtailment for reasons of 
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system operability, such as to increase system inertia or adhere to System Operator-set limits 

of non-synchronous penetration, without explaining how converter-connected battery storage 

could achieve this.  (Clearly, any storage devices connecting to the electricity network via a 

synchronous generator, such as pumped hydro or CAES, would indeed increase synchronous 

ǇŜƴŜǘǊŀǘƛƻƴ ŀƴŘ ǎȅǎǘŜƳ ƛƴŜǊǘƛŀΦύ  ¢ƘŜ ŀǳǘƘƻǊǎ ŎƻǊǊŜŎǘƭȅ ƛŘŜƴǘƛŦȅ ŀ ŦǳǊǘƘŜǊ ƭƛƳƛǘŀǘƛƻƴ ƛƴ ōŀǘǘŜǊƛŜǎΩ 

utilisation of curtailed wind energy: their inability to operate for multi-day periods, over which 

high wind events often occur; they propose that longer-term energy could perhaps be 

provided by hydrogen production in the future.   When considering sizing of storage facilities, 

the authors note the network generally would require more storage capacity over the windier 

winter months than at other times of year, but that storage assets could engage in other 

activities, primarily wholesale trades and ancillary services, when not engaged in constraint 

relief.  The authors note the importance of appropriate sizing to avoid the batteries 

themselves causing additional constraints, especially arising from thermal ratings of network 

elements, a matter which is investigated in later chapters of this thesis.  The authors do not 

address the matter of ownership of storage assets, but do state that their deployment much 

be financially feasible compared with alternative actions, and found that a mix of several 

revenue streams is not only possible, but in fact necessaǊȅ ŦƻǊ ŀ ōŀǘǘŜǊȅΩǎ ŦƛƴŀƴŎƛŀƭ ǾƛŀōƛƭƛǘȅΦ  

Overall, [60] is a thorough and useful piece of work on an electricity grid with similarities to the 

GB grid, especially its Scottish part, which case studies of this thesis investigate in later 

chapters of this thesis.   

In an Iran-based study, Salehi and Abdolahi [85] consider a variety of distributed energy 

resources, including energy storage in electric vehicles together with flexible demand, as an aid 

to both avoiding network reinforcement, and greater utilisation of renewable energy in 

network constrained areas.  UǎƛƴƎ ŀ άƎǊŜȅ ǿƻƭŦ ƻǇǘƛƳƛǎŀǘƛƻƴέΣ ǿƘƛŎƘ ǘƘŜȅ ǘŜǎǘ ƻƴ ŀ ƳƻŘƛŦƛŜŘ 

69-bus IEEE test distribution network, the authors report success in congestion alleviation and 

operational cost reduction, better control of voltage, reduced wind energy curtailment and 

thus reduced air pollution from conventional generation, as some generation is displaced by 

wind.  The work assumes nodal pricing for all parties, and finds alleviation of constraints 

harmonises prices to the benefit of consumers.  This work is clearly in a very different context 

to GB.     

Hozouri et al in [86] seek the optimal siting of PHES from several candidate locations, together 

with their optimal power and energy capacities, to complement remote windfarms and reduce 
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transmission congestion, using windfarm and network data from three sites in Iran.  This work 

takes a combinatorial approach to seek lowest overall cost outcomes, with transmission 

reinforcement options also considered as both alternative and complementary actions to 

storage installation.  The viability of the PHES stations are  assessed using an arbitrage model, 

considering also transmission constraints potentially limiting their activity.  The assumption 

that a central system operator is scheduling all generation is implied.     

[87] ƛǎ ŀ /ƘƛƴŜǎŜ ǎǘǳŘȅ ǿƘƛŎƘ ŘƛǎŎǳǎǎŜǎ ŀƴ ŀǎǇƛǊŀǘƛƻƴ ǘƻ ōŜǎǘ άōǳƴŘƭŜέ ƻǳǘǇǳǘǎ ŦǊƻƳ ǊŜƴŜǿŀōƭŜ 

generators (solar, wind and hydro) in remote areas together with each other and with storage 

facilities, in a situation of limited capacity of transmission lines necessary to conduct the 

electricity to demand centres, in the case of the study, over a distance of at least 1,700 km.  

The paper discusses the sizing of a PHS facility to complement the wind generation, to 

maximise wind utilisation at acceptable cost.  [88], also in a Chinese context, suggests a Monte 

Carlo-based approach to identify locations where energy storage could provide most relief of 

transmission congestion, and then co-optimises scheduling of remote renewable (wind and 

PV) and storage resources, resulting in very similar overall system costs compared to 

traditional transmission reinforcement.    

Olivos and Valenzuela review available research into how battery energy storage systems can 

be incorporated into Unit Commitment, in [89].  The article starts describi7ng the deterministic 

unit commitment problem, then state that in practice unit commitment is a stochastic 

problem, because of uncertainties in demands and renewable generation outputs.  The 

authors consider various approaches to yielding adequate solutions within acceptable 

computing time.  The article then describes various approaches that other studies have used to 

incorporate energy storage facilities into unit commitment calculations, in deterministic, 

stochastic, and security constrained variants of the problem, some of which use storage alone, 

and others where storage is used in combination with other interventions, such as demand 

flexibility. The authors believe that inclusion of battery energy systems will be essential to 

transition power systems to work with high penetration of variable renewable generation, but 

ǘƘŀǘ άexcluding the inherent uncertainty in power systems could overestimate the performance 

and benefits of [energy storage systems]έΦ  ¢ƘŜ ŀǳǘƘƻǊǎ ƳŜƴǘƛƻƴ ƛƴƘerent trade-offs between 

costs and robustness of solutions.  Finally, they state that incorporating energy storage into 

ǳƴƛǘ ŎƻƳƳƛǘƳŜƴǘ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿƛƭƭ ŀƛŘ ƳƻǾŜ άtowards more sustainable, resilient an energy 
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efficient energy systemsέΣ ŀƴŘ ǎǘŀǘŜ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ Řŀǘŀ ǊŜǇƻǎƛǘƻǊƛŜǎ ƻŦ ōŀǘǘŜǊȅ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ 

characteristics would greatly facilitate such endeavours.   

Altogether, these papers describe the ability of storage, of different types, to enable greater 

penetration of renewable energy, primarily of wind, by reducing peak flows through networks 

of limited capacity, and thus enabling greater overall energy transfers.  One of the papers 

describes how incorporating battery energy storage into unit commitment calculations could 

aid system operation in the face of greater renewables penetration.  Such interventions bring 

financial and environmental benefits to the system as a whole.  One of the papers, in a similar 

context to parts of the GB grid,  mentioned inherent limitations of battery energy storage to 

effectively reduce wind curtailment throughout high-wind events, often lasting many hours to 

several days, and suggest hydrogen storage may provide a future solution.   

2.2.3. In summary: findings on different scales of storage projects 

 Despite the huge variations in scales of proposed projects, from using home-located batteries 

to support LV grids, right up to batteries and potentially PHS or CAES projects supporting 

transmission grids over distances of many hundreds of miles, these studies yielded remarkably 

similar findings.  Batteries and other storage assets can support electricity networks, under 

different conditions, and provide a range of benefits, as summarised below in Table 2. 

2.2.4. Comments on foresight and control of battery storage  

A common approach in many of the aforementioned studies in Section 2.2 was to use 

historical or synthesised data for network variables such as voltage, renewable output, or 

demand power flow (as a baseline case), and then simulate the network with an added 

battery, or other energy store, and compare results to the base case.  Many of these studies 

use deterministic logic to instruct battery actions under certain conditions, for example by 

instructing a battery to discharge at times of a voltage sag [72] or high demand flow on a 

feeder or a house [64], [70], or to reduce generation-caused network constraints [60], [84], 

respond to a network fault [79]Σ ƻǊ ǘƻ ƳŀȄƛƳƛǎŜ άǎŜƭŦ-ŎƻƴǎǳƳǇǘƛƻƴέ ƛƴ ŀ ƘƻǳǎŜ ǿƛǘƘ ŀ ōŀǘǘŜǊȅ 

and rooftop PV, thus minimising electricity imports from and exports to the national grid [61].   

Some studies incorporate such battery actions into a wider optimisation problem, such as to 

optimise voltage control across a whole test network [74],  maximise use of renewable 

resources [86]Σ ƻǊ ǊŜŘǳŎƛƴƎ ƻǾŜǊŀƭƭ ǎƻŎƛŀƭ Ŏƻǎǘ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪ όƛƴŎƭǳŘƛƴƎ Ŏƻǎǘǎ ƻŦ ƎŜƴŜǊŀǘƻǊΩǎ 

fuel, and pollution).  Some of the studies e.g. [67] did not state their methods in detail.    
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Table 2 Summary of services storage assets ς small and large scale - reported to offer, in the reviews of section 2.2 

 Service  Scale of storage project 

Small scale  Large scale 

1 Reduce peak flows ς variable 

demand 

Yes Not reported but 

expected to occur 

2 Reduce peak flows ς variable 

PV or wind generation  

Yes, solar Yes, wind (and also 

solar in 2 cases) 

3 From 1 & 2: reduce network 

congestion; reduce need for 

network reinforcement 

yes yes 

4 From 1, improve reliability to 

demand customers 

¸ŜǎΣ ƛŦ ŘŜƳŀƴŘ ōǊŜŀŎƘŜǎ Ψb-мΩ 

ƻǊ ŜǾŜƴ ΨbΩ ƴŜǘǿƻǊƪ ŎŀǇŀŎƛǘȅΣ 

and if other action not taken 

Not reported  

5 From 1 & 3: enable increased 

demands from electrification 

of heat and transport 

yes Not reported 

6 From 2 and 3, increase use of 

existing and future renewable 

generation assets 

yes yes 

7 From 6, reduced need for 

conventional generation ς 

financial and environmental 

benefits 

Yes, reduce purchases of grid 

electricity 

Yes, reduce 

conventional 

generation 

despatch 

8 Reduce cost by substituting 

for network reinforcement 

In some but not all cases    In some but not all 

cases 

9 Improve resilience to large 

disturbances, by facilitating 

faster restoration of power to 

demand customers 

Potential service of mobile 

storage, in a future network 

designed to operate in 

islanded mode post-fault 

Not reported 

With the benefit of hindsight, ƻǊ άƪƴƻǿƴέ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ŀ ǇŀǊǘƛŎǳƭŀǊ ǎŎŜƴŀǊƛƻΣ the battery or 

other energy store can indeed improve operation of networks.  However, such studies may 

overestimate benefits that may be seen in actual deployment.   

Some metrics are not known but can only be estimated, such as voltage and power flows in 

locations which lack monitoring.  Even where monitoring exists or estimation is effective, 

knowledge of future values is inherently uncertain, for reasons including inaccuracies in 

forecasts of weather (affecting renewables outputs and in some cases demands), inherent 

variability of demand profiles, and the possibility of faults in equipment (e.g. generators, 

networks).   
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Held et al and Rowe et al [63], [75] conducted real trials on battery effectiveness in managing 

voltage violations on LV feeders.  Held et al [75] found that a battery operating on a fixed 

timing schedule avoided around half of the voltage violations, significantly worse performance 

than that simulated, for a variety of operational reasons; measured performance, however, 

was high (avoiding 95% of voltage violation) in the case when battery was instructed by real 

measured feeder voltage data.  This study shows the importance of having data, as opposed to 

crude forecasts to describe network conditions, and also some difficulties of running 

equipment in practice.  Rowe et al [63] compare different control strategies for a battery 

dedicated to managing peak flows in networks, and refer to real trials in the south of England.  

They studied the effectiveness of άǎŜǘ Ǉƻƛƴǘ ŎƻƴǘǊƻƭέ ƛΦŜΦ the use of a set value of a variable, 

such as voltage, which would trigger a battery import or export, both with and without 

forecasts.  The authors compare these methods with a ǘƘƛǊŘ άŎƻƴǘǊƻƭ with intuitionέ approach, 

based on historical and expert knowledge and offline algorithms.  The authors found ǘƘŀǘ άset 

Ǉƻƛƴǘ ŎƻƴǘǊƻƭέ, specifically the identification of the best value for a set point, was especially 

challenging on some [± ƴŜǘǿƻǊƪǎΣ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ άǾƻƭŀǘƛƭƛǘȅέ ƻŦ their power flows.  The authors 

also found that an offline algorithm dedicated to minimising peak flows worked well on 

feeders with more predictable flow patterns, and avoided expensive real-time monitoring.   

Some of the studies in the preceding section acknowledge uncertainty in input data and 

attempt to accommodate it in their modelling, as did Maghouli et alΩǎ ǎǘǳŘȅ [83] concerning 

uncertainties in wind generation.   

In short, the findings in this section illustrate the potential of storage to alleviate a variety of 

network challenges.  However, even when a storage asset is owned and operated by (or on 

behalf of) ŀ ƴŜǘǿƻǊƪ ƻǊ ǎȅǎǘŜƳ ƻǇŜǊŀǘƻǊΣ ǘƘŜ ŀǎǎŜǘΩǎ άǊŜŀƭ ǿƻǊƭŘέ behaviour may differ from 

that found in these studies, if there are limitations in its access to and quality of network data.   

Access to network data, sometimes incomplete even for network owners, is likely to be more 

limited for other actors.  Gissey et al [90] advise against independent ownership of storage, 

arguing that a system operator is best placed to make a decision between investing in storage 

or additional network capacity at a given place.  Independently-owned storage assets, they 

believe, would inherently have imperfect information about electricity demands, which would 

impede a storage asset from having optimising its activity between trading, balancing actions 

and ancillary services, leading to sub-optimal behaviour.  
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The situation of storage assets being independently owned and operated is further addressed 

in the following section.  

2.3. /ƭƻǎŜǊ ǘƻ άǊŜŀƭ ǿƻǊƭŘέΥ ǳƴōǳƴŘƭŜŘ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳΣ ƛƴŘŜǇŜƴŘŜƴǘ 

battery ownership 

The end of the preceding section describes how the effectiveness of storage assets to benefit 

networks operation may be limited by uncertainty in άǊŜŀƭ ǘƛƳŜέ data and forecasts.    

However, an entirely separate reason for real battery actions to differ from predictions is that 

in an unbundled system, in which storage is independently-owned, the storage owner would 

be incentivised to maximise its revenue stream.  This might or might not involve the same 

kinds of actions that would reduce costs and maximise benefit to the system, or enable 

maximum penetration of renewable energy, or minimise electricity bills at demand sites with 

their own on-sit renewables.  The studies below investigate some of these situations.  Most 

scenarios chosen involve large-scale storage assets, though one considers system-wide effects 

of residential batteries, and another considers portable storage units.   A real-world example 

of actual battery deployment is included, and this section concludes with some of the insights 

from two large UK studies. 

2.3.1. Studies contrasting storage unit behaviour according to different 

ownership models  

The following four studies [91]ς[94] investigate the behaviour of a storage unit in two or three 

ǎŎŜƴŀǊƛƻǎ ƻŦ ƻǿƴŜǊǎƘƛǇ ƻǊ ǎŎƘŜŘǳƭƛƴƎ ǊǳƭŜǎΣ ǘƻ ǎŜŜ ƛŦ ǘƘŜ ǎǘƻǊŀƎŜ ǳƴƛǘΩǎ ōŜƘŀǾƛƻǳǊ ǿƻǳƭŘ ŘƛŦŦŜǊΦ  

The cases are:   

¶ ŀŎǘƛƴƎ ǘƻ ōŜƴŜŦƛǘ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ƴŜǘǿƻǊƪ ƻǊ ǎȅǎǘŜƳΣ ōȅ ƳŀȄƛƳƛǎƛƴƎ άǎȅǎǘŜƳ ǿŜƭŦŀǊŜέΣ 

penetration of remote renewable generation, and / or peak flows (from generation or 

demands) 

¶ ƳŀȄƛƳƛǎƛƴƎ άǎŜƭŦ-ŎƻƴǎǳƳǇǘƛƻƴέΣ ŀƴŘ ǘƘǳǎ ƳƛƴƛƳƛǎƛƴƎ ƎǊƛŘ ŜƭŜŎǘǊƛŎƛǘȅ ŎƻƴǎǳƳǇǘƛƻƴΣ ŦƻǊ 

residential consumers with co-located battery and PV resources, 

which are considered together with scenarios in which the storage unit responds to wholesale 

electricity prices: either by  

¶ aiming to maximise its own revenue by engaging in wholesale trades, or by  

¶ enabling co-located residential consumers avoid purchases at times of highest prices.   
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Hartwig and Kockar [91] investigate behaviour of storage on networks with wind generation, 

under different incentives.  Using the IEEE 24-bus Reliability Test System  network, and wind 

data from a Scottish windfarm, storage despatch is initially set to optimise system welfare, and 

then to optimise its own income.  This work found that self-interested operation of energy 

storage assets was not detrimental to market welfŀǊŜΣ ŎƻƳǇŀǊŜŘ ǘƻ ŀ άƴƻ ǎǘƻǊŀƎŜέ ŎŀǎŜ.  

However, this study found that self-interested operation of a storage asset would  differ from 

welfare-maximising operation: a self-ƛƴǘŜǊŜǎǘŜŘ ǎǘƻǊŀƎŜ ŀǎǎŜǘ ǿƻǳƭŘ ōŜ άincentivised to 

withhold some of their capacity during times when it will improve welfare the mostέΣ ŀǎ ǎǳŎƘ 

ōŜƘŀǾƛƻǳǊ ǿƻǳƭŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ƎǊŜŀǘŜǊ ǇǊƛŎŜ ǾƻƭŀǘƛƭƛǘȅΣ ŀƴ ƻǳǘŎƻƳŜ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ άƳŀǊƪŜǘ 

ǿŜƭŦŀǊŜέΣ ōǳǘ ǿƘƛŎƘ ǿƻǳƭŘ ƛƴŎǊŜŀǎŜ ǘƘŜ ǇǊƻŦƛǘǎ ƻŦ ǘƘŜ ǎǘƻǊŀƎŜ ŀǎǎŜǘΦ  {ǳŎƘ ŜŦŦŜŎǘǎ ǿƻǳƭŘ ōŜ 

exacerbated with greater network congestion.  The work suggests that operation of storage by 

network or system operators could allow more efficient outcomes overall, but that unbundling 

arrangements of the GB power system prohibit such ownership.  The authors suggest that 

other revenue streams, such as capacity payments, may be more appropriate for energy 

storage devices, to incentivise storage operators to act to maximise the welfare of the system.   

A Canadian study by Bhattarai et al [92] investigates the use of Compressed Air Energy Storage 

(CAES), where PHS is infeasible, to complement wind generation.  The work considers the CAES 

facility to operate in potentially two modes: first, to maximise utilisation of wind energy, which 

the authors suggest would be best implemented by an agreement between the CAES asset and 

ǿƛƴŘŦŀǊƳ ƻǿƴŜǊǎΤ ǎŜŎƻƴŘΣ ƛƴ ŀǊōƛǘǊŀƎŜ ƳƻŘŜΣ ǿƘŜǊŜ ǘƘŜ ŀǎǎŜǘΩǎ ŀŎǘƛƻƴǎ ǎŜŜƪ ǘƻ ƳŀȄƛƳƛǎŜ 

profit and are driven by price.  In the first scenario, the asset is simulated to charge when wind 

ƻǳǘǇǳǘ ŜȄŎŜŜŘǎ ŀ ǎŜǘ άǊŜŦŜǊŜƴŎŜ ǿƛƴŘ ƻǳǘǇǳǘέ ǾŀƭǳŜΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ǘƘŜ ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ 

ǘǊŀƴǎƳƛǎǎƛƻƴ ƭƛƴŜΤ ǘƘŜ ǎǘƻǊŀƎŜ ŀǎǎŜǘ ǿƻǳƭŘ ŘƛǎŎƘŀǊƎŜ ŀǘ ǘƛƳŜǎ ƻŦ ǿƛƴŘ ōŜƭƻǿ ǘƘŜ άǊŜŦŜǊŜƴŎŜ 

ǿƛƴŘ ƻǳǘǇǳǘέΦ  ¢ƘŜ ŀǳǘƘƻǊǎ ǎǳƎƎŜǎǘ ǘƘŜ ǎǘƻǊŀƎŜ ŦŀŎƛƭƛǘȅ Ǝŀƛƴǎ ǊŜǾŜƴǳe by selling the stored 

energy when transmission line conditions allow.   In the arbitrage scenario, the CAES facility 

acts according to market price to maximise its income.  Additionally, a reliability value is 

computed from sequential Monte Carlo simulations, which calculate loss of load and loss of 

energy expectations, and which are used to compute costs of unserved energy.  Overall net 

benefit of the CAES is taken to be the sum of reliability and environmental services, plus any 

gains from arbitrage.  Not surprisingly, operating the CAES to minimise wind curtailment 

achieved better metrics of wind energy utilisation compared to CAES in arbitrage mode; 

however the latter operation mode achieved better reliability metrics, and higher overall 

economic benefit.  Clearly, specific results depend on scenarios, costs and prices, but the 
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generic results, that storage facilities can be operated in different ways, with different 

objectives, and provide differing suites of results of financial and energy metrics, is a useful 

generic one.   

A German study by Wanapinit et al [93] into the effects of widespread residential battery use, 

to 2045, contrasted batteries used in  

¶ άǎŜƭŦ-ŎƻƴǎǳƳǇǘƛƻƴέ ƳƻŘŜ ς to maximise use of on-site PV, with  

¶ άƳŀǊƪŜǘ ƻǊƛŜƴǘŜŘέ ƳƻŘŜ - driven by wholesale prices, and  

¶ άǇŜŀƪ ǎƘŀǾƛƴƎέ ƳƻŘŜǎ ς controlled to reduce transmission congestion nationwide.   

bƻǘ ǎǳǊǇǊƛǎƛƴƎƭȅΣ ƎǊŜŀǘŜǎǘ ǎȅǎǘŜƳ ōŜƴŜŦƛǘǎ ǿŜǊŜ ǎŜŜƴ ŦǊƻƳ ōŀǘǘŜǊƛŜǎ ƻǇŜǊŀǘƛƴƎ ƛƴ άǇŜŀƪ 

ǎƘŀǾƛƴƎέ ƳƻŘŜǎΣ Ƴƻǎǘƭȅ ŦǊƻƳ ǊŜŘǳŎŜŘ ƻǾŜǊŀƭƭ ƎŜƴŜǊŀǘƛƻƴ ŎƻǎǘǎΦ  IƻǿŜǾŜǊΣ ŜǾŜƴ ƛƴ ǘƘƛǎ ƳƻŘŜΣ 

there would nevertheless be need for future grid expansion to accommodate greater 

renewable penetration, especially as regional differences between renewable resources (as in 

GB, more wind in the north, and more solar in the south) and their outputs would continue.  

Transmission congestion would be greater with batteries operating iƴ άǎŜƭŦ-ŎƻƴǎǳƳǇǘƛƻƴέ ƻǊ 

άƳŀǊƪŜǘ ƻǊƛŜƴǘŜŘέ ƳƻŘŜΦ  ¢ƘŜ ŀǳǘƘƻǊǎ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ƴŜŜŘ ŦƻǊ ǎǳƛǘŀōƭŜ ǎƛƎƴŀƭǎ ǘƻ ŜƴŎƻǳǊŀƎŜ 

home battery owners to utilise these assets in ways that would bring broadest benefits.  

Denholm et al in [94] discuss the relative merits of siting storage near a locus of variable 

renewable generation, or near to demand centre, at three sites in the USA, where the 

transmission distances are great (between 780 km and 1400 km), and minimising the capacity 

of such ŎƻƴƴŜŎǘƛƻƴ ǿŀǎ ŘŜǎƛǊŜŘΦ  ¢ƘŜ ǎǘǳŘȅ ŘƛǎŎǳǎǎŜǎ ǊŜƭŀǘƛǾŜ ƳŜǊƛǘǎ ƻŦ άƭƻŀŘ-ǎƛǘŜŘέ ŜƴŜǊƎȅ 

ǎǘƻǊŀƎŜ ŦŀŎƛƭƛǘƛŜǎΣ ŎƻƳǇŀǊŜŘ ǿƛǘƘ άǿƛƴŘ-ǎƛǘŜŘέ ǎǘƻǊŀƎŜΣ ǇƻǘŜƴǘƛŀƭƭȅ ƻǿƴŜŘ ōȅ ŀ ǿƛƴŘŦŀǊƳΣ 

assuming in both cases that the asset needs to generate income.  The study found thŀǘ ŀ άƭƻŀŘ-

ǎƛǘŜŘέ ǎǘƻǊŀƎŜ ŀǎǎŜǘ ǿƻǳƭŘ ōŜ ƳƻǊŜ ǇǊƻŦƛǘŀōƭŜΣ ōŜŎŀǳǎŜ ƛǘ ŎƻǳƭŘ ŜƴƎŀƎŜ ƛƴ ŀǊōƛǘǊŀƎŜΣ 

ǳƴǊŜǎǘǊƛŎǘŜŘ ōȅ ƴŜǘǿƻǊƪ ƭƛƳƛǘǎΦ  Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ άǿƛƴŘ-ǎƛǘŜŘέ ǎǘƻǊŀƎŜ ŀǎǎŜǘΣ ǇƻǘŜƴǘƛŀƭƭȅ ƻǿƴŜŘ 

by a windfarm, would have reduced revenues from arbitrage, as transmission constraints 

would limit its access to profitable trading at some times.  However, such a storage asset 

would be most effective in reducing transmission congestion and enabling greater utilisation of 

remote wind energy, bringing financial and environmental benefits of reduced conventional 

generation, and potentially also avoiding transmission reinforcement costs.  The work notes 

that remote-siting of storage can be an enabler for additional wind generation, as storage 

facilities are generally quicker to construct than long-distance transmission reinforcements.   
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Altogether, these studies found a storage unit aiming to maximise its income from wholesale 

trades would behave differently from one dedicated to network congestion relief, maximising 

renewable penetration, or other system-wide benefits.   

2.3.2. {ǘǳŘƛŜǎ ŎƻƴǎƛŘŜǊƛƴƎ ǎǘƻǊŀƎŜ ƻƴƭȅ ƛƴ άǎŜƭŦ-ƛƴǘŜǊŜǎǘŜŘέ ƳƻŘŜ 

In the following studies, all in the USA, storage units would be, or are, engaging in wholesale 

trades and seeking to maximise their incomes.  These studies discuss the effect storage 

deployment and behaviour, under these circumstances, would have on electricity network 

congestion, and in the last case, on other aspects of system operability.   

Jorgenson, Denholm and Mai use proprietary software PLEXOS to conduct economic despatch 

of generators, and consider cases with remote areas of wind generation, at times curtailed 

because of transmission constraints, in [95].   Considering initially storage assets of 4-hour 

durations, to represent short-duration batteries, the study compares durations of wind 

curtailment with and without storage.  Installation of short duration is projected to reduce 

curtailment, but by a small margin, because wind events commonly last for longer than 4 

hours (with 40% of curtailment events lasting over 8 hours, and some lasting over a week).  

The work found that additional transmission capacity was far more effective than storage in 

reducing ǿƛƴŘ ŎǳǊǘŀƛƭƳŜƴǘΦ  IƻǿŜǾŜǊΣ ǘƘŜ ŀǳǘƘƻǊǎ ŦƻǳƴŘ ŀ άǎȅƳōƛƻǘƛŎέ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ 

transmission expansion and storage, where each increases the value of the other.  The authors 

conclude that transmission expansion, even over long distances (500 -2000 miles in their case 

studies) is likely to be important to access remote renewable resources, though appropriately-

ƭƻŎŀǘŜŘ ǎǘƻǊŀƎŜ ŎƻǳƭŘ ōŜ ǾŀƭǳŀōƭŜ ƛƴ άƴƛŎƘŜέ ŀǇǇƭƛŎŀǘƛƻƴǎΦ  LƴŎƻƳŜǎ ŦǊƻƳ ŀǊōƛǘǊŀƎŜ ŀƭƻƴŜ ǿƻǳƭŘ 

not justify the capital costs of storage assets in their case studies, but the authors suggest 

further work to identify additional revenue streams from ancillary services, which may serve to 

provide a more viable business case for storage assets.  

He et al describe another USA-based study, [96], in California, whose nodally-priced electricity 

system results in significant locational price differences, sometimes over even short distances, 

prices and price differences which vary in-day.  Their proposed scenario would have portable 

energy storage systems transported short distances in-day by truck, thus accessing higher and 

lower nodal prices, and more profitable trades.  Their work suggests such portable storage 

systems could accrue revenues on average 20-30% higher than similar stationary storage 

systems, and where the best case would be 70% increase in revenues compared to a stationary 

system, apparently even allowing for transportation costs.  Because the locational price 
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differences arise from network congestion, and the authors cite congestion relief, and thus 

delay or avoidance of transmission reinforcement, as potential benefits from a portable energy 

storage system.  The authors also note that the portable energy storage could serve multiple 

locations, and be far faster to deploy than traditional reinforcement.  This concept is 

interesting, though clearly in a context of nodal pricing which does not apply in GB.  As in 

Janssen al, [76] (Section 2.2.1.2), these authors neglect to mention the additional road network 

congestion such a development might cause.     

A report from industry  detailing contribution of actual deployed batteries onto a solar PV-

dominated network is the California ISO 2023 Special report on Battery Storage [97].  This 

report documents an increase in battery capacity in the CAISO area from 500 MW in 2020 to 

ммΦн D² ƛƴ WǳƴŜ нлнпΣ ƻŦ ǿƘƛŎƘ ƘŀƭŦ ƛǎ άǇƘȅǎƛŎŀƭƭȅ ǇŀƛǊŜŘέ ǿƛǘƘ ǎƻƭŀǊ ƻǊ ǿƛƴŘ ƎŜƴŜǊŀǘƛƻƴΦ  ¢ƘŜ 

ǊŜǇƻǊǘ ŦƻǳƴŘ ǘƘŀǘ άbatteries account for a significant portion of load during peak solar hoursέΣ 

and άōŀǘǘŜǊƛŜǎ ŀŎŎƻǳƴǘ ŦƻǊ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǇƻǊǘƛƻƴ ƻŦ ŜƴŜǊƎȅ ŀƴŘ ŎŀǇŀŎƛǘȅ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜ 

afternoon and early evening when net loads are highestέ ŀǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Figure 3.  Batteries 

also provide a very significant contribution to balancing services.   In this jurisdiction, batteries 

are independently owned and their activities must be financially beneficial for their owners.  

Clearly, California is a place where widespread battery deployment is helping with overall 

energy balancing and utilisation of solar energy.   

    

(a)       (b) 

Figure 3 (a) Average 5-minute battery schedules (b) Average hourly battery schedules by product (2023).  [97] 

These studies, in similar fields, differ in their findings.   

¶ The latter two find storage units, even behaving in a self-interested way, will reduce 

peak flows, network congestion, and potentially could delay the need for 

reinforcement. 

¶ However, the first study found the opposite: that deployment of self-interested short-

duration storage could not effectively substitute for transmission network 
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reinforcement when seeking to increase penetration of remotely-sited wind 

generation, though the two interventions would complement each other.  One reason 

is the nature of the storage type and renewable generation: batteries able to charge 

for up to 4 hours could only store limited amount of otherwise-curtailed energy from 

the windfarms, whose high-output events tended to last for much longer.   

2.3.3. UK studies of specific interest 

This section summarises two sizeable UK 9 studies on the effects of storage on our electricity 

networks:  

¶ GB study ς Imperial College and the Carbon Trust (άLƳǇŜǊƛŀƭέ), 2016 [58] 

¶ Northern Ireland study ς PhD thesis, A.A.R. Mohamed [98] 

The Northern Irish electricity system is part of the all-island-of-Ireland synchronous electricity 

system, Eirgrid, and is out of the scope of this thesis.  However, this study is nevertheless 

useful, because the Northern Irish / all-island Irish power system is experiencing similar 

challenges to the GB one, especially its Scottish part, including:  

¶ high wind penetration.   

¶ decarbonising targets ς ǎƛƳƛƭŀǊ ǘƻ ǘƘƻǎŜ ƻŦ ǘƘŜ ¦YΩǎ ƻǘƘŜǊ ƘƻƳŜ ƴŀǘƛƻƴǎ ǿƛǘƘƛƴ 

mainland Great Britain 

Both studies consider different types of battery storage: lithium ion, sodium sulphur and 

vanadium redox flow batteries.  The Imperial report additionally considered two thermal 

ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǎ ǇƻǎǎƛōƭŜ ǇǊƻǾƛŘŜǊǎ ƻŦ άŘƛǎǘǊƛōǳǘŜŘ ǎǘƻǊŀƎŜέ.   

Imperial also considered 

¶ ƭŀǊƎŜ ǎŎŀƭŜ άōǳƭƪ ǎǘƻǊŀƎŜέ ǘŜŎƘƴƻƭƻƎƛŜǎ όtǳƳǇŜŘ ƘȅŘǊƻ ŀƴŘ ŎƻƳǇǊŜǎǎŜŘ ŀƛǊύΣ ŀƴŘ 

¶  άŦŀǎǘέ ǎǘƻǊŀƎŜ όǎǳǇŜǊŎŀǇŀŎƛǘƻǊǎ ŀƴŘ flywheels) for specific system stability services in 

the milliseconds to seconds timeframes.   

 
9 ¢ƘŜ ¦Y όǿƘƛŎƘ ƛǎ ǘƘŜ ά¦ƴƛǘŜŘ YƛƴƎŘƻƳ ƻŦ DǊŜŀǘ .Ǌƛǘŀƛƴ ŀƴŘ bƻǊǘƘŜǊƴ LǊŜƭŀƴŘέύ ŘƻŜǎ ƴƻǘ ƘŀǾŜ ŀ ǎƛƴƎƭŜ 
electricity grid, because the province of Northern Ireland is geographically separated from Great Britain 
by the Irish Sea; Northern Ireland is geographically part of the island of Ireland, together with the 

wŜǇǳōƭƛŎ ƻŦ LǊŜƭŀƴŘΦ  ¢ƘŜǊŜ ƛǎ ŀ ǎƛƴƎƭŜ άŀƭƭ-ƛǎƭŀƴŘέ ŜƭŜŎǘǊƛŎƛǘȅ ƎǊƛŘ ŎƻǾŜǊƛƴƎ ōƻǘƘ ƧǳǊƛǎŘƛŎǘƛƻƴǎ ƻƴ ǘƘŜ LǎƭŀƴŘ 
of Ireland.  
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2.3.3.1. Potential benefits of storage deployment to the electricity system  

Both studies considered potential benefits to electricity system from storage deployment.  

Both note benefits of storage assets complementing varying outputs of solar and wind, and 

also supporting increasing demands from electrification of heat and transport.  However, the 

studies approach these matters in different ways.  

Imperial ŎŀƭŎǳƭŀǘŜ άǿƘƻƭŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ ŎƻǎǘǎέΣ ƛƴŎƭǳŘƛƴƎ ŎŀǇƛǘŀƭ ŀƴŘ ƻǇŜǊŀǘƛƻƴŀƭ Ŏƻǎǘǎ ƻŦ 

all generators and despatch, including of storage, necessary to provide generation adequacy, 

and balancing and ancillary services, together with projected costs of distribution and 

transmission network reinforcements necessary.   This was performed for several of National 

DǊƛŘΩǎ ǘƘŜƴ CǳǘǳǊŜ 9ƴŜǊƎȅ {ŎŜƴŀǊƛƻǎΦ  ¢ŀƪƛƴƎ ǘƘŜ άDƻƴŜ DǊŜŜƴέ ǎŎŜƴŀǊƛƻ ŀǎ ǘƘŜ Ƴƻǎǘ ǇŜǊǘƛƴŜƴǘ 

for later-strengthened decarbonisation targets,  this work found that significant cost savings, 

of around £2bn per year, in some of the scenarios where storage would be deployed, 

ŎƻƳǇŀǊŜŘ ǘƻ ŀ άƴƻ ǎǘƻǊŀƎŜέ ōŀǎŜ ŎŀǎŜ, as illustrated in Figure 4.  The bulk of cost savings arose 

from reduced fuel and carbon costs from despatch of gas and gas-CCS generators to provide 

balancing and ancillary services.  Storage deployment was also projected to result in small cost 

savings from reduced distribution network reinforcements.  It is interesting to note that no 

significant cost savings were projected in scenarios where the storage assets did not provide 

frequency response services, presumably because gas stations would be required to run to 

provide such services.  It is also interesting to see that most solutions incorporating storage 

involved additional transmission network costs, albeit modest in comparison to overall savings.  

It is presumed that deployment of storage enables more distant renewables to be 

economically used, though they would require additional transmission reinforcement; 

unfortunately the report does not elaborate.  
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Figure 4 Annual cost saving across whole [electrical power] system from deploying different storage types in the 

ΨDƻƴŜ DǊŜŜƴΩ ǎŎŜƴŀǊƛƻ ƛƴ нлол ŀƎŀƛƴǎǘ ŀ ōŀǎŜ ŎŀǎŜ ƻŦ ƴƻ ŀŘŘƛǘƛƻƴŀƭ ǎǘƻǊŀƎŜΦ wŜǇǊƻŘǳŎŜŘ ŦǊƻƳ  [58] with added 

annotations 

aƻƘŀƳŜŘΩǎ ǘƘŜǎƛǎ ŘƻŜǎ ƴƻǘ ŎƻƴǎƛŘŜǊ άǿƘƻƭŜ ǎȅǎǘŜƳ ŎƻǎǘǎέΣ ōǳǘ ŦƻŎǳǎŜǎ ƻƴ ǇƻǘŜƴǘƛŀƭ ŜŦŦŜŎǘǎ ƻŦ 

battery storage to MV and LV networks, under scenarios of increased pressure from greater 

demands from electrified heat and transport, and increased distributed wind and solar PV 

generation.   

His work explores the benefits that storage deployment could bring to MV and LV distribution 

ƴŜǘǿƻǊƪǎ ƛƴ ǇǊƻǾƛŘƛƴƎ άƎǊƛŘ-ƭŜǾŜƭƭƛƴƎέ ǎŜǊǾƛŎŜǎ ǘƻ ŀƭƭŜǾƛŀǘŜ  ƴŜǘǿƻǊƪ ŎƻƴǎǘǊŀƛƴǘǎΣ ŀƴŘ ƛƳǇǊƻǾŜ 

power quality, with particular consideration given to scenarios of low-carbon technologies roll-

out, benefits that Imperial also state storage would bring.  His work considered three generic 

scales of battery projects:     

¶ Grid-scale batteries connected to MV networks ς with connected distributed wind and 

solar generation.  This work compares different optimisation algorithms to obtain the 

most beneficial sizing and placement of batteries.  The batteries are assumed to be 

controlled by the DSO.  He finds that suitably sized, placed and controlled batteries can 

indeed alleviate MV network congestion.   

ά5ƛǎǘǊƛōǳǘŜŘέ ǎǘƻǊŀƎŜ 

i.e. batteries 
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¶  ά/ƻƳƳǳƴƛǘȅ-ǎŎŀƭŜέ ƻǊ άǎǘǊŜŜǘ-ƭŜǾŜƭέ ōŀǘǘŜǊȅ ŘŜǇƭƻȅƳŜƴǘΣ ƻƴ ōŀƭŀƴŎŜŘ ŀƴŘ ǳƴōŀƭŀƴŎŜŘ 

LV networks.  This work found that suitably coordinated battery installations could 

support LV networks in the face of increase EV charging and PV generation, and avoid 

thermal overloads or voltage violations and improve power quality.  Such services 

could avoid the need for conventional reinforcement.  

¶ wŜǎƛŘŜƴǘƛŀƭ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέ ōŀǘǘŜǊȅ ǎǘƻǊŀƎŜ.  He found that suitable controlled 

batteries could support the LV networks, under pressure from electrification of heat 

and transport, and also potentially reduce tariffs for residents.  He also noted the 

importance of suitable cycling control to avoid premature battery ageing.  

 

2.3.3.2. Batteries engaging in self-interested price or tariff-motivated activity 

Both studies considered scenarios of batteries engaging in self-interested activity based on real 

time wholesale trade price or a άǘƛƳŜ -of-ǳǎŜ ǘŀǊƛŦŦέΥ 

¶ Imperial state:  άǘƘŜ ǇǊƛƴŎƛǇŀƭ ŀƛƳ ƻŦ ŜƴŜǊƎȅ ǇǊƛŎŜ ŀǊōƛǘǊŀƎŜ ƛǎ ǘƻ ǎǘƻǊŜ ŜƴŜǊƎȅ ŀǘ ƭƻǿ-

demand and low-priced periods in order to discharge during periods of higher demand 

ŀƴŘ ǇǊƛŎŜέ, and that  άΨǿǊƻƴƎ ǘƛƳŜΩ ŜƭŜŎǘǊƛŎƛǘȅ ώŜΦƎΦ ŦǊƻƳ ǊŜƴŜǿŀōƭŜǎΣ Ŏŀƴϐ ōŜ ǎǘƻǊŜŘ ŀƴŘ 

ǳǎŜŘ ŀǘ ŀ ƭŀǘŜǊ ǘƛƳŜ ƻŦ ǎǳŦŦƛŎƛŜƴǘ ŘŜƳŀƴŘέΦ   This work thus assumes that such price-

incentivised trades would automatically benefit network and system operation. 

¶ In contrast, Mohamed found that a significant roll-out of independently-operated 

residential batteries could negatively affect LV network operation, as high demand 

Ŧƭƻǿǎ ŎƻǳƭŘ ōŜ ŎŀǳǎŜŘ ōȅ ŎƻƛƴŎƛŘŜƴǘ ōŀǘǘŜǊȅ ŎƘŀǊƎƛƴƎ ŀǘ ǘƛƳŜǎ ƻŦ ƭƻǿ άǘƛƳŜ ƻŦ ǳǎŜ 

ǘŀǊƛŦŦǎέΣ such as a cheap night-time tariff (like GBΩǎ ά9ŎƻƴƻƳȅ тέύΦ  IŜ ǊŜŎƻƳƳŜƴŘǎ 

DSO efforts to incentivise residential battery owners to allow DSO to coordination or 

setting of rules limiting battery activity. 

In later chapters, this thesis explores the assumption that the system wholesale prices are a 

suitable metric of system and network needs, and that price will inherently incentivise a self-

interested storage asset to act in ways that benefit the electricity system and networks, as well 

as itself.     

2.3.3.3. Financial viability of battery projects   

Both studies consider the financial viability of battery projects from the point of view of their 

owners: 
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¶ Imperial consider the financial implications of co-locating a grid-scale (5MW and 25 

MW) lithium ion battery, located at a windfarm and owned by a windfarm owner, 

under conditions of unconstrained and constrained network capacity 

o The battery is most profitable under unconstrained network conditions, as it 

can engage in wholesale and balancing trades 

o ¦ƴŘŜǊ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ǊŜǎǘǊƛŎǘŜŘ ƴŜǘǿƻǊƪ ŎŀǇŀŎƛǘȅΣ ǘƘŜ ōŀǘǘŜǊȅΩǎ ŀŎǘƛǾƛǘƛŜǎ ŀǊŜ 

restricted, but it provides value by reducing wind curtailment, as well as by 

engaging in wholesale and balancing trades. Their analysis suggests lifetime 

incomes from such activities would be exceed lifetime battery costs under at 

least some scenarios 

o The addition of frequency response services as a battery activity could 

potentially greatly increase battery revenues.  The work does not address the 

9{hΩǎ ǇƻǎǎƛōƭŜ ǊŜƭǳŎǘŀƴŎŜ ǘƻ ŎƻƴǘǊŀŎǘ ŦƻǊ ǎŜǊǾƛŎŜǎ ǿƛǘƘ ŀ ǇǊƻǾƛŘŜǊ ƛƴ ŀƴ ŀǊŜŀ ƻŦ 

network constraint.   

o ¢ƘŜ ŀǳǘƘƻǊǎ ŀƭǎƻ ǎǳƎƎŜǎǘ ǘƘŀǘ άƭŀȅŜǊƛƴƎέ ǎŜǊǾƛŎŜǎ Ƴŀȅ ǊŜŘǳŎŜ ōŀǘǘŜǊȅ 

degradation 

 

¶ Mohamed considered the financial viability of stand-alone grid-scale MV-connected 

batteries, and their projected revenues under scenarios of three potential activities:  

o energy wholesale trades,  

o provision of ancillary services to the ESO, and  

o provision of local flexibility services to the DSO,  

o or a combination of the above activities. 

The work found that stacking of revenues, by engaging in multiple activities, was 

ƴŜŎŜǎǎŀǊȅ ŦƻǊ ǘƘŜ ōŀǘǘŜǊȅΩǎ ŦƛƴŀƴŎƛŀƭ ǾƛŀōƛƭƛǘȅΤ ƛΦŜΦ ǘƘŀǘ ƴƻƴŜ ƻŦ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ŀŎǘƛǾƛǘƛŜǎ 

provided enough income.  The work proposed a control strategy to allow simultaneous 

activities without conflicts. 

 

¶ aƻƘŀƳŜŘ ŀƭǎƻ ŎƻƴǎƛŘŜǊǎ ǘƘŜ ŦƛƴŀƴŎƛŀƭ Ǿƛŀōƛƭƛǘȅ ƻŦ άŎƻƳƳǳƴƛǘȅ ǎŎŀƭŜέ ōŀǘǘŜǊȅ ŜƴŜǊƎȅ 

storage.   

o He found that despite network benefits, not all scenarios were financially 

viable.  He also found that the DSO would need to pay the battery owner at 



43 
 

least £110/kWh, or £272/kW, for the battery project to break even over a ten 

year lifetime.  

 

¶ Imperial examine a residential battery, with residential solar PV, engaging in self-

interested activity 

o ! ōŀǘǘŜǊȅ ƻƴƭȅ ǇǊƻǾƛŘƛƴƎ άƭƻŀŘ ǎƘƛŦǘƛƴƎέ ǘƻ ǳǘƛƭƛǎŜ ƻƴ-site PV would not 

ƎŜƴŜǊŀǘŜ ŜƴƻǳƎƘ ƛƴŎƻƳŜ ǘƻ ŎƻǾŜǊ ǘƘŜ ōŀǘǘŜǊȅΩǎ ƭƛŦŜǘƛƳŜ Ŏƻǎǘǎ 

o The authors also find such self-ƛƴǘŜǊŜǎǘŜŘ ŀǊōƛǘǊŀƎŜ ƛǎ ƴƻǘ άǎƻŎƛŀƭƭȅ ƻǇǘƛƳŀƭέΣ ŀǎ 

it would leave greater share of network and other fixed costs to be borne by 

other network users (an outcome the Targeted Charging Review [99] later 

addressed through a change to network charging arrangements) 

o An aggregation of 90 households, each with the same type of PV and battery 

installation, but differing demand profiles, would gain greater value from the 

batteries, and such an arrangement would narrowly cover lifetime costs 

o An individual battery engaging  in either frequency response services, or 

άƴŜǘǿƻǊƪ ǎǳǇǇƻǊǘ ǎŜǊǾƛŎŜǎέ (presumed to be some kind of DSO flexibility 

ǎŜǊǾƛŎŜύΣ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ άƭƻŀŘ ǎƘƛŦǘƛƴƎέΣ ǿƻǳƭŘ ōŜ ŦƛƴŀƴŎƛŀƭƭȅ ǾƛŀōƭŜΦ  .Ŝǎǘ 

financial outcomes would result  from a battery engaging in all three activities. 

   

¶ Mohamed also considers residential batteries with on-site PV.  He found that though 

the PV system was financially attractive, the battery purchase was generally not 

financially viable under current conditions of costs and tariffs, over a projected 10 year 

battery lifetime, a similar result to ImperialΩǎΦ  IƻǿŜǾŜǊΣ aƻƘŀƳŜŘ ŦƻǳƴŘ ŀ ōŀǘǘŜǊȅ 

was attractive in some scenarios, where it provided continuity of supply to rural 

customers experiencing frequent disconnections. 

2.3.3.4. Concluding comments 

Overall, these two large studies, in a GB and similar context, both find that batteries and 

potentially other types of storage can indeed provide a plethora of benefits to the networks 

and system operation, while increasing penetration of variable renewable generation and 

newly electrifying demands are expected.  However, both studies found mixed results 

regarding financial viability of battery projects; both studies also found that financial viability 

of batteries improves whenever they can engage in revenue stacking, i.e. perform multiple 

income-generating activitiesΣ ŀ ǊŜǎǳƭǘ ǊŜƭŜǾŀƴǘ ǘƻ ŀƴŀƭȅǎƛǎ ƻŦ άǊŜŀƭέ D. ōŀǘǘŜǊȅ ŀŎǘƛǾƛǘƛŜǎ ƛƴ 
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Chapter 3 Section 3.3.3.  Whole [electricity]-system cost savings projected by Imperial were 

dominated by avoided costs of gas station despatch, with a small contribution from avoided 

distribution network reinforcement.  Imperial assumed price signals would motivate a battery 

ƻǿƴŜǊ ǘƻ ŀŎǘ ƛƴ ǘƘŜ ǊŜƭŜǾŀƴǘ ŜƭŜŎǘǊƛŎƛǘȅ ƴŜǘǿƻǊƪ ƻǊ ǎȅǎǘŜƳΩǎ ƛƴǘŜǊŜǎǘΤ aƻƘŀƳŜŘ ŦƻǳƴŘ ǘƻ ǘƘŜ 

contrary in the case of residential batteries, and recommended DSO control of battery assets 

to enable their best utilisation.  

These works illustrate the variety of situations, locations, scales, presence of co-located 

resources, ownership, and control arrangements that could apply to battery projects, and their 

importance in determining the value, and any potential dis-benefits, that such projects may 

bring.   

2.3.4. Regulatory views on storage in GB 

Network operators, at both Transmission and Distribution level, have to model network flows 

and asses the effect that a new connectee would have on overall capacity.  When considering 

connection requests from storage assets, which in GB are classed as generators, DNOs and the 

9{h ƘŀǾŜ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ŀǎǎǳƳŜŘ άǿƻǊǎǘ ŎŀǎŜέ ŀŎǘƛƻƴǎ ŦǊƻƳ ǎǘƻǊŀƎŜ ǎƛǘŜǎΣ ǇƻǘŜƴǘƛŀƭƭȅ 

exacerbating both import and export flows.  Thus, network capacity allocated to a storage site 

would not be available to other current or future network users.   

In an effort to enable faster connections to new electricity network customers, and faster 

progress towards Net Zero goals, the UK Government and Ofgem published a Connections 

Action Plan in November 2023 [100].  Included in its recommendations are changes to the way 

the ESO models the effect of Battery energy storage on electricity networks.  ά!ǎǎǳƳǇǘƛƻƴǎ ǿƛƭƭ 

be updated to recognise that [a battery energy storage system] (1) does not typically export at 

times of peak generation and import at times of peak demand; (2) does not act uniformly at all 

times; (3) operates for relatively short periods; and (4) modelling should be aligned across 

tranǎƳƛǎǎƛƻƴ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴέ.  ¢ƘŜ D. 9{hΩǎ ά/ƻƴƴŜŎǘƛƻƴǎ wŜŦƻǊƳέ ǎǳƳƳŀǊȅΣ 5ŜŎŜƳōŜǊ нлно 

[101], states that the above changes have been incorporated into its Construction Planning 

Assumptions, modifications which NESO expects will facilitate faster connections for battery 

energy storage projects.   

Outputs from chapters 3,4,5 and 6 of this thesis are relevant to some of these assumptions.  

At Distribution level, such a change has not been enacted, however great pressure on network 

capacity remains in many areas.  At time of writing, November 2024, there are over 80 GW of 
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distribution network connections agreed for current and future batteries, according to the 

DNO Embedded Capacity Registers [37]ς[42], as of November 2024.  The network capacity 

agreed for these connections reduces capacity available for other potential future users, a 

ǎƛǘǳŀǘƛƻƴ ǘƘŜ ƴŜǘǿƻǊƪ ƻǿƴŜǊǎΩ ǘǊŀŘŜ ōƻŘȅΣ ǘƘŜ 9b!Σ ŦƛƴŘǎ ƘƛƎƘƭȅ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ ōƻǘƘ ƴŜǘǿƻǊƪ 

customers and to the achievement of Net Zero goals.  In 2023, the ENA published Tactical 

Guidance for DNOs, endorsed by Ofgem, regarding connections of new storage assets [102], 

ǿƘƛŎƘ ƛƴǎǘǊǳŎǘǎ άƭŜǎǎ ŦƛǊƳƴŜǎǎ ƻŦ ŎƻƴƴŜŎǘƛƻƴέ ŦƻǊ ƴŜǿ ŎƻƴƴŜŎǘƛƻƴǎ ǘƻ ǎǘƻǊŀƎŜ ƻǿƴŜǊǎ ǘƘŀƴ ǘƻ 

other types of users.  This guidance is described further in Chapter 8.   

 

2.4. Conclusions 

There is a significant body of research into the many valuable services that batteries and other 

storage assets can and, in many cases, do provide to electrical power networks.  Scales of 

operation range from residential scale batteries to large transmission-connected grid-scale 

facilities.  A variety of approaches are used in the reported studies.  Some use of real or 

simulated patterns of demand and / or generation, with deterministic rules governing battery 

behaviour.  In others, storage asset is considered within a Unit Commitment problem.  

Numerous studies use optimisation to find the most beneficial size and / or location of storage 

ŀǎǎŜǘǎ ƻƴ ŀ ƴŜǘǿƻǊƪΣ ƻŦǘŜƴ ǿƛǘƘ ŀ άƭƻǿŜǎǘ ƻǾŜǊŀƭƭ Ŏƻǎǘέ ƻōƧŜŎǘƛǾŜΦ  {ƻƳŜ ǇŜǊŦƻǊƳ Ŏƻ-

optimisations of storage together with renewable generation and transmission planning.   

Most studies consider the storage asset owned and operated by or for the network or system 

operator, with rules that the asset must reduce network congestion or provide some other 

system benefit.   Some perform a multi-objective optimisation, combining unit commitment 

with transmission planning, with storage assets being dedicated to aims such as maximum use 

of available renewable energy resources, minimising cost of energy, and minimising network 

congestion and / or reinforcement costs.   

The greatest financial benefits of storage to electricity systems with significant renewable 

penetrations is found in several cases to be the displacement of more expensive and 

environmentally damaging generation with renewable outputs; in some cases ancillary service 

provision by storage enables further fossil-fuel generation reduction.  However, storage 

deployment could also allow avoidance or deferment of network reinforcement, which in 

some cases was found to be a lowest cost solution.  
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In some cases, minimisation of transmission costs, or minimisation of overall system costs, was 

a constraint or an objective.  In others, it was a potential outcome of the study.  In the latter a 

variety of results were found, with many finding that battery energy storage could indeed help 

enable greater demands or greater renewable penetration, but struggled to compete 

financially with traditional reinforcement, though in some cases batteries were a lower cost 

option under certain specific circumstances.  Some studies found that the best value from 

batteries was when they complemented additional network capacity, rather than were 

implemented as an alternative to reinforcement.  Of relevance to later chapters was a finding, 

that short-duration batteries had limited effectiveness in reducing curtailment of wind 

generation, because high wind events tended to last for longer durations than the batteries 

were able to charge.  However, numerous studies found batteries fitted well with shifting solar 

PV outputs to times of day of greater demand or higher prices, as is the current experience in 

the electricity system of California.    

Some studies do consider the situation where storage assets are independently owned.  Some 

studies compare storage assets operating for the benefit of the system, or perhaps a co-

ƭƻŎŀǘŜŘ ǊŜƴŜǿŀōƭŜ ƎŜƴŜǊŀǘƻǊΣ ǿƛǘƘ ŀ άǎŜƭŦ-ƛƴǘŜǊŜǎǘŜŘέ ƳƻŘŜ ƛƴ ǿƘƛŎƘ ǘƘŜȅ ǿƻǳƭd seek to 

maximise their own incomes from trading.  These studies all found that different behaviour 

ǿƻǳƭŘ ƛƴŘŜŜŘ ōŜ ŜȄǇŜŎǘŜŘΦ  !ƭƭ ƻǳǘŎƻƳŜǎ ōǊƻǳƎƘǘ ōŜƴŜŦƛǘǎ ǘƻ ŀƭƭ ǇŀǊǘƛŜǎΣ ōǳǘ ŀ άǎŜƭŦ-ƛƴǘŜǊŜǎǘŜŘέ 

mode was most lucrative for the storage asset itself but not for the wider system.  However, a 

real-world example from a heavily solar-dominated network found that independently-owned 

ōŀǘǘŜǊƛŜǎ ŀǊŜ ŜŦŦŜŎǘƛǾŜ ŀǘ άǇŜŀƪ ǎƘŀǾƛƴƎέΣ άǘƛƳŜ-ǎƘƛŦǘƛƴƎέ ŀƴŘ άƭƻŀŘ ƭŜǾŜƭƭƛƴƎέ ς storing energy 

(largely from solar generation) in the middle of the day, and discharging times of evenings 

peak system demands.  

UK regulatory approach to storage is attempting to keep abreast with a sudden explosion in 

ŘŜƳŀƴŘ ŦƻǊ ōŀǘǘŜǊȅ ŎƻƴƴŜŎǘƛƻƴǎΦ  ¢ǊŀŘƛǘƛƻƴŀƭ ŀǎǎǳƳǇǘƛƻƴǎ ŀǊŜ ŦƻǊ άǿƻǊǎǘ ŎŀǎŜέ ōŜƘŀǾƛƻǳǊΣ ƛƴ 

which batteries may add to maximum flows when both charging and discharging.  A year ago, 

ǘƘŜ 9{hΩǎ ŀǎǎǳƳǇǘƛƻƴǎ ŎƘŀƴƎŜŘ ǘƻ ƴƻ ƭƻƴƎŜǊ ŀǎǎǳƳŜ άǿƻǊǎǘ ŎŀǎŜέ ōŜƘŀǾƛƻǳǊ ŦǊƻƳ ōŀǘǘŜǊƛŜǎΥ  

rather, that batteries are unlikely to exacerbate peak imports or peak exports from 

ǊŜƴŜǿŀōƭŜǎΦ  !ǘ 5ƛǎǘǊƛōǳǘƛƻƴ ƭŜǾŜƭΣ ǘƘŜ ƴŜǘǿƻǊƪǎΩ ǘǊŀŘŜ ŀǎǎƻŎƛŀǘƛon now recommends that 

5bhǎ ƎǊŀƴǘ ōŀǘǘŜǊƛŜǎ ŎƻƴƴŜŎǘƛƻƴǎ ƻŦ άƭƻǿŜǊ ƭŜǾŜƭ ƻŦ ŦƛǊƳƴŜǎǎέ ǘƘŀƴ ǿƻǳƭŘ ōŜ ƴƻǊƳŀƭ ŦƻǊ ƻǘƘŜǊ 

users.   Clearly further updates may be needed as a great roll-out of batteries is underway, 
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ŜǾƛŘŜƴǘ ŦǊƻƳ ǘƘŜ D. 5bhǎΩ 9ƳōŜŘŘŜŘ /ŀǇŀŎƛǘȅ wŜƎƛǎǘŜǊǎΣ ŀǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 

chapter. 

¢ƘŜ ōƻŘȅ ƻŦ ǊŜǎŜŀǊŎƘ ŘƻŜǎ ƴƻǘ ŀŘŜǉǳŀǘŜƭȅ ŀŘŘǊŜǎǎ ǘƘŜ ǉǳŜǎǘƛƻƴ ƻŦ άwhat would a battery do, if 

connected in Britain, and how might it affect D.Ωǎ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ networks?έ, because they 

address neither the real financial incentives that are likely to drive the actions of batteries, nor 

the extent to which these incentives may coincide with or differ from a network or system 

ƻǇŜǊŀǘƻǊΩǎ ŘŜǎƛǊŜŘ ŀŎǘƛƻƴǎΦ  

More specific unanswered questions include:  

1.  What activities might a short-duration battery in GB engage in (i.e. Research Question 1)? 

This question is addressed in Chapter 3.  

2. Would greater deployment of batteries in GB inherently act in ways which:  

  (a) relieve network congestion, and potentially avoid or delay network reinforcement, and /or 

  (b) enable greater renewable deployment and / or greater demands from electrified heat and 

transport, with existing networks, and / or 

  (c) improve or maintain network reliability standards? 

These questions inform Research Questions 2 and 3.  The findings of Chapter 3 provide some 

background.  Question 2(a) is addressed in Chapters 5 (regarding transmission congestion) and 

Chapter 6 (regarding Distribution congestion), chapters which begin to address questions 2b 

and 2c.  

3.  Do existing price signals in GB act as proxy signals of network congestion, and thus 

incentivise a self-interested short-duration battery to relieve network congestion?   

This question ς related to Research Question 2 -  is addressed in Chapter 5, regarding 

transmission network congestion (for one nation-scale case study location), and Chapter 6, 

regarding selected examples of distribution network congestion (for six separate distribution 

case-study circuits).   

4. Might greater deployment of batteries have any negative effects on networks?  

This question ς essential for answering Research Question 4 - is addressed in Chapters 5 and 6.   
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5. If deployment of batteries has any negative effects on networks, what mitigation measures 

might be appropriate? (i.e. Research Question 4) 

Chapters 7 and 8 explore some potential approaches. 
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3. Chapter 3 Battery activities in GB: what are the options?  

Chapter summary 

There are over 3 GW of grid-scale batteries10 deployed in GB in 2023/2024, with proposed 

future battery projects of aggregate capacity of at least 60-80 GW, and projects at the scoping 

stage of around 120 GW.  The scale of current and proposed battery roll-out presents 

significant opportunities and challenges to system and network operators, and makes an 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ōŀǘǘŜǊƛŜǎΩ ƭƛƪŜƭȅ ŀŎǘƛƻƴǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊǎǘŀƴŘΦ  

Thus it is important for network and system operators to understand the likely actions of 

ŎǳǊǊŜƴǘ ŀƴŘ ŦǳǘǳǊŜ ōŀǘǘŜǊƛŜǎΣ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ōŀǘǘŜǊƛŜǎΩ ƛƳǇŀŎǘǎ ƻƴ ƴŜǘǿƻǊƪ ŀƴŘ ǎȅǎǘŜƳ ƴŜŜŘǎΦ  

Batteries and other storage assets can engage in a variety of activities to accrue income.  

Battery deployment in Great Britain began at pace with the introduction of Enhanced 

Frequency Response in 2017, the first GB frequency response service to require response 

within 1 second, whose providers were entirely batteries.  Since then, various fast frequency 

response services allowed excellent financial incomes, of up to £800 / MW / day in summer 

2022.  However, greater numbers of batteries entered these services markets during that year, 

and clearing prices fell to around £200-£300 / MW /day by the end of the year.   Under such 

conditions other revenue streams potentially become more attractive.  By the end of 2022, 

over 20 grid scale batteries were operating in GB and had engaged in wholesale trades during 

the year.  Some of these batteries also performed Balancing Mechanism trades, but generally 

far less often.   Another potential income stream is the Capacity Market.  Network Use of 

System credits for exporting at times of high network demand charges, or, for batteries sited 

ōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊ ƻŦ ŀ ƭŀǊƎŜ ŘŜƳŀƴŘ ǎƛǘŜΣ ŀǾƻƛŘŀƴŎŜ ƻŦ άǊŜŘ ōŀƴŘέ ŀƴŘ κ ƻǊ ά¢ǊƛŀŘέ ƴŜǘǿƻǊƪ 

demand charges, may also supplement other income streams.  Provision of DSO flexibility 

services is a further option in some localities.   

In short, there is no single answer as to what activity a rational battery would engage in.  

Astute operators are likely to engage in multiple activities, and to move between markets, as 

mentioned in Chapter 2.  Engagement in wholesale trading activity was an activity numerous 

 
10 bƻ ŀŎŎŜǇǘŜŘ ŘŜŦƛƴƛǘƛƻƴ ƻŦ άƎǊƛŘ-ǎŎŀƭŜ ōŀǘǘŜǊƛŜǎέ Ƙŀǎ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦ  Lƴ ǘƘƛǎ ǘƘŜǎƛǎΣ ǘƘŜ ǘŜǊƳ ƳŜŀƴǎ 
άōŀǘǘŜǊƛŜǎ ƻŦ ŀ ǎƛȊŜ όa² ƻǊ a²Ƙύ ǿƘƛŎƘ Ŏŀƴ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƻŦŦŜǊ ǎŜǊǾƛŎŜǎ ǘƻ ŀƴ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ 

operator or a distribution network / system operator, or which can participate in wholesale trading 
ŀŎǘƛǾƛǘƛŜǎέΦ  
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batteries engaged in during 2022, suggesting it was a financially viable option.  This activity is 

investigated in the following chapter.  

3.1. Introduction  

As outlined in Chapter 2, batteries and other types of storage providers have the potential to 

provide a wide range of important services to electrical power systems, summarised, for 

example, in [56]ς[58], [103].  

In Britain, batteries and other storage assets are classed as generators [104].  Under the rules 

ƻŦ .ǊƛǘŀƛƴΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ǎȅǎǘŜƳ ǳƴōǳƴŘƭƛƴƎ ŀƴŘ ǇǊƛǾŀǘƛǎŀǘƛƻƴΣ ǘǊŀƴǎƳƛǎǎƛƻƴ ƻǿƴŜǊǎ Ƴǳǎǘ ōŜ 

separate from owners of generation [105], a principle which has been extended to distribution 

network owners and the later-separated ESO.  Thus (with few exceptions11 [106]), batteries 

and other storage assets cannot be owned and operated by network owners or the ESO.  

Operators of networks and the system,  however, can enter into contracts with storage owners 

for the provision of services.  CEER, the Council of European Energy Regulators, states such 

separation of ownership is desirable, because, in its view, any participation of a DSO in a 

competitive market, for example for a flexibility service, would be a conflict of interest and 

would introduce a risk of market distortion, a risk that άƳǳǎǘ ōŜ ŀǾƻƛŘŜŘ ǿƘŜǊŜǾŜǊ ǇƻǎǎƛōƭŜέ 

[107].   

Thus, activity of any battery or other storage asset needs to serve the needs of its owner, for 

whom its actions must be financially viable.   

This chapter presents the current level of deployment of batteries (and other large-scale 

storage facilities) in GB, and of projects awaiting connection.  It continues with an overview of 

the range of activities batteries engage in, in several countries, including within the GB system.  

This chapter then describes battery activity, or potential for activity, in the following activities 

within the GB system, with an emphasis for conditions during 2022, the year of study:  

 
11  Exceptions where a network owner may own a storage asset include: Category A - storage assets on 
geographical islands (other than mainland GB); Category B - ǎǘƻǊŀƎŜ ŀǎǎŜǘǎ ŦƻǊ ŀ άǎǇŜŎƛŦƛŎ ŀǳǘƘƻǊƛǎŜŘ 

ŀŎǘƛǾƛǘȅέ ǎǳŎƘ ŀǎ ǳƴƛƴǘŜǊǊǳǇǘƛōƭŜ ǇƻǿŜǊ ǎǳǇǇƭȅ ƻǊ ŜƳŜǊƎency response (such assets being expressly 
prohibited from engaging in any market activity); and Category C - cases specifically authorised by the 
regulator.  Network owners seeking Category C authorisation would need to demonstrate they have 
taken reasonaōƭŜ ǎǘŜǇǎ ǘƻ ŦƛƴŘ ŀ ƳŀǊƪŜǘ ōŀǎŜŘ ǎƻƭǳǘƛƻƴΣ ǘƘŜƛǊ ƻǿƴŜǊǎƘƛǇ ƻŦ ŀ ǎǘƻǊŀƎŜ ŀǎǎŜǘ άǇǊƻǾƛŘŜǎ ǘƘŜ 
Ƴƻǎǘ ŜŎƻƴƻƳƛŎ ŀƴŘ ŜŦŦƛŎƛŜƴǘ ǎƻƭǳǘƛƻƴέΣ ŀƴŘ ǘƘŀǘ ǇǊƻǇƻǎŜŘ ŀǊǊŀƴƎŜƳŜƴǘǎ ƳƛƴƛƳƛǎŜ ǘƘŜ Ǌƛǎƪ ƻŦ 

discrimination or distortion in markets.  Permission may also be granted for innovation projects (with 
past examples including [279], [280]). 
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¶ Frequency regulation, frequency response and reserve services ς traditionally the main 

activity and income stream for batteries  

¶ Balancing Mechanism and wholesale trades 

¶ Capacity Market 

¶ Use of System network charges ς potentially credits and / or reduced charges 

¶ Flexibility services for DNOs / DSOs 

This chapter concludes with a summary of the main options for a battery owner, with an 

indication of potential revenues from some of these activities.  

 

3.1.1. Battery deployment in Great Britain 

The deployment of grid-scale batteries in GB has risen from near zero in 2016 to over 3 GW, 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ¦Y DƻǾŜǊƴƳŜƴǘΩǎ 5ƛƎŜǎǘ ƻŦ ¦Y 9ƴŜǊƎȅ {ǘŀǘƛǎǘƛŎǎΣ ŀǘ ǘƛƳŜ ƻŦ ǿǊƛǘƛƴƎ όbƻǾŜƳōŜǊ 

2024), surpassing the capacity of pumped hydro storage in 2023, as shown in Table 3 [36]. 

Table 3 Grid scale battery12 deployment in the UK13.  DUKES 2024 table 5.16. [36]  All figures in MW14.  

Year 2015 2016 2017 2018 2019 2020 2021 2022 2023 

PHS 2,744 2,744 2,744 2,744 2,744 2,744 2,744 2,744 2,744 

Battery 0 0 108 487 676 914 1,280 1,933 3,465 

 

The capacity of grid-connected batteries is expected to rise considerably.  Table 4 lists 

aggregate battery capacity totals sourced also from UK Renewable Energy Planning Database 

(REPD) October 2024 [108]Σ ǘƘŜ b9{hΩǎ ¢ǊŀƴǎƳƛǎǎƛƻƴ 9ƴǘǊȅ /ŀǇŀŎƛǘȅ ό¢9/ύ wŜƎƛǎǘŜǊ [43], and 

Embedded Capacity Registers (ECRs) from all the DNO owners GB [37]ς[42].  All sources were 

accessed 19-21 November 2024.  These sources suggest future projects of stand-alone 

batteries totals of 59 GW (REPD), 82 GW (DNO ECRs, of distribution-connected projects), and 

the NESO lists 11 GW of proposed transmission-connected projects, and almost 120 GW of 

ǎǳŎƘ ǇǊƻƧŜŎǘǎ ŎƭŀǎǎŜŘ ŀǎ άǎŎƻǇƛƴƎέΦ  9ǾŜƴ ǘƘŜǎŜ ŦƛƎǳǊŜǎ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ǳƴŘŜǊŜǎǘƛƳŀǘŜ ŀƎƎǊŜƎŀǘŜ 

 
12 ¢Ƙƛǎ 5¦Y9{ Řŀǘŀ ǘŀōƭŜ ǎǘŀǘŜǎ ǘƘŀǘ ǎƳŀƭƭ ΨōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊΩ ōŀǘǘŜǊƛŜǎ ǎǳŎƘ ŀǎ ǘƘƻǎŜ ƛƴ ŘƻƳŜǎǘƛŎ ƻǊ 
commercial properties are excluded.  
13 DUKES figures include Northern Irish as well as GB-located assets.   
14 Total capacity in MWh is unavailable.  MWh capacity from the largest station, Dinorwig, is estimated 

at 8.6 GWh, based on 5 hours of operation[281].  The other station owners do not state durations of 
operation.  
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capacity of proposed projects because some of the project entries, especially on the REPD 

register, do not include a MW capacity.  Further details are appended Chapter 3 Annex 1.    

Table 4 Current and projected aggregate capacity of grid-scale batteries in GB, by development status. DUKES 

figures include all types of battery installations.  REPD and NESO figures refer only to stand-alone battery projects.  

5bhǎΩ ŦƛƎǳǊŜǎ ǊŜŦŜǊ ǘƻ ŀƭƭ ōŀǘǘŜǊȅ projects in which the battery is the primary energy source.  

 

Even allowing for likely project attrition, the scale and pace of this expected roll-out of 

batteries to the GB grid presents great opportunities, but potentially also challenges, especially 

for distribution networks, to which most of the proposed projects are likely to connect.  It is 

therefore important that network and system owners and operators have some foresight of 

ōŀǘǘŜǊƛŜǎΩ ƭƛƪŜƭȅ ǘȅǇŜǎ ƻŦ ŀŎǘƛǾƛǘȅΣ ǘƻ ƛƴŦƻǊƳ ŘŜŎƛǎƛƻƴǎ ŀōƻǳǘ ƴŜǘǿƻǊƪ ŀƴŘ ǎȅǎǘŜƳ ƴŜŜŘǎΦ   

The duration of the batteries (i.e. the duration for which they could discharge, i.e. export 

energy, at their full rated capacity, without suffering accelerated degradation or damage) is 

generally not listed in any of the above data sources.  However, as stated in Chapter 1, Rho 

Motion and The Faraday Institution reported in 2023 that the majority of UK batteries are 

lithium-ion based, a finding the IEA reports is also the case world-wide [44], [45].  [44] reports 

lithium batteries having discharge durations of 30 mins to 4 hours.  [109] cites the US 

 
15 DUKES figures include Northern Irish as well as GB-located battery projects.  All other fields are for GB 
projects only.  
16 ¢ƘŜ ŦƛƎǳǊŜǎ ŀǊŜ ǳǎƛƴƎ ά5ƛǊŜŎǘ /ƻƴƴŜŎǘǎέ ǘƻǘŀƭǎ ŦǊƻƳ ǘƘŜ ¢9/ ǊŜƎƛǎǘŜǊΣ ŜȄŎƭǳŘƛƴƎ ǇǊƻƧŜŎǘǎ ƭƛǎǘŜŘ ŀǎ 
ά9ƳōŜŘŘŜŘέΦ  
17 All figures are for projects of capacity 1 MW or greater.  The DNO ECRs list only two project statuses: 
ά/ƻƴƴŜŎǘŜŘέ ŀƴŘ ά!ŎŎŜǇǘŜŘ ǘƻ ŎƻƴƴŜŎǘέΦ  ά!ŎŎŜǇǘŜŘ ǘƻ ŎƻƴƴŜŎǘέ ǊŜŦŜǊǎ ǘƻ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ 5bhΣ ƴƻǘ 
Planning authorities.  The totals listed here use E/w ŎƻƭǳƳƴ άaŀȄƛƳǳƳ 9ȄǇƻǊǘ /ŀǇŀŎƛǘȅ όa²ύέ ŦƻǊ 

ά/ƻƴƴŜŎǘŜŘέ ŀƎƎǊŜƎŀǘŜ ŎŀǇŀŎƛǘȅΣ ŀƴŘ ŎƻƭǳƳƴ ά!ŎŎŜǇǘŜŘ ǘƻ ŎƻƴƴŜŎǘ ǊŜƎƛǎǘŜǊŜŘ ŎŀǇŀŎƛǘȅ όa²ύέ ŦƻǊ 
ά!ŎŎŜǇǘŜŘ ǘƻ ŎƻƴƴŜŎǘέ ŀƎƎǊŜƎŀǘŜ ŎŀǇŀŎƛǘȅΦ 

Operational status Aggregate battery capacity, MW15 

DUKES 

[36] 

REPD  

 [108] 

NESO:  

TEC Register [43] 

(Transmission- 

connected 

only16) 

DNOs: ECRs 

[37]ς[42] 

(Distribution-

connected 

only)17 

Operational / Built / Connected 3,465 2,080 706 3,279 

Under construction - 3,837 230 

82,042 Consents granted - 24,958 4,594 

Planning decision awaited - 30,083 6,452 

Scoping - - 119,687 -  
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Department of Energy Global Energy Storage Database [110], accessed November 2022, for 

durations of various storage technologies, and stated the median duration of deployed lithium 

ion battery projects was 1.3 hours, with the 25th and 75th centile durations being 0.7  and 3.8 

hours respectively.   (Lead acid battery projects had similar durations: median, 25th centile and 

75th centile durations of 1.6, 0.7 and 4.1 hours, respectively).   

Looking forward, the IEA expects innovations in lithium ion batteries to continue, and that 

longer-ŘǳǊŀǘƛƻƴ Ŧƭƻǿ ōŀǘǘŜǊƛŜǎ άcould emerge as a breakthrough technology for stationary 

storageέΦ  {ƛƳƛƭŀǊƭȅΣ wƘƻ aƻǘƛƻƴ ŀƴŘ ǘƘŜ CŀǊŀŘŀȅ Lƴǎǘƛǘǳǘƛƻƴ ƭƛǎǘ ǾŀǊƛƻǳǎ ƭƛǘƘƛǳƳ ƛƻƴ ōŀǘǘŜǊȅ 

ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǎ ōŜƛƴƎ άŎǳǊǊŜƴǘέΣ ǿƛǘƘ ƻǘƘŜǊ ǎƘƻǊǘ-duration variants on this technology 

expected within 1-5 years, and that several types of longer-duration (hrs-days) flow batteries 

may become commercialised in 1-6 years (from Sept 2023).    

Thus, it is expected that batteries deployed in GB will continue to be those of a similar, short 

duration, unless or until longer-duration batteries or other types of storage become more 

economically attractive.  Thus, this chapter concentrates on likely activity of short duration 

batteries, of duration up to 4 hours. 

3.1.2. Potential revenue streams for batteries and other storage assets 

Schmidt and Staffell state in [109] that άǘƘŜǊŜ ƛǎ ƴƻ ǎǳŎƘ ǘƘƛƴƎ ŀǎ ŀ ǘȅǇƛŎŀƭ ŜƭŜŎǘǊƛŎƛǘȅ ƳŀǊƪŜǘέΤ 

that markets, structures and incomes vary across jurisdictions.  This source includes a chart 

which gives broad comparisons between main revenue streams available for storage (of all 

types) in Great Britain and three other countries, based on 176 individual publications in 2018 

and 2019.  Each data point on this chart refers to a valuation of a grid service reported among 

the studies reviewed.   
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Figure 5 Reproduced from CƛƎǳǊŜ сΦнΦέaŀǊƪŜǘ ǾŀƭǳŜΣ aŀƪƛƴƎ ƳƻƴŜȅέ ƛƴ  [109]18 

 
18 The following notes are stated in [109] for their Figure 6.2, reproduced above as Figure 5. 

The value of different electricity storage applications across four major markets. Data are 

taken from 176 individual valuation studies and published market transactions as compiled by 

Balducci for the United States and Housden for Great Britain, Germany, and Australia. The 

specifications of each application vary across the individual studies and are not necessarily 

aligned with the definitions given in this book. The scope of each study also varies in terms of 

the timeframe and market considered (as the United States and Australia have multiple 

electricity markets). All values are presented in USD/kW-year even for applications which are 

remunerated by energy discharged rather than power capacity, as this then incorporates device 

utilization. A value of 100 USD/kW-year can be interpreted as a 1 MW system receiving USD 

100,000 annual revenue from service provision. 

Unless provided in the caption above, the following copyright applies to the content of this 

slide: Monetizing Energy Storage. Oliver Schmidt & Iain Staffell, Oxford University Press. © 

Oliver Schmidt & Iain Staffell (2023). DOI: 10.1093/oso/9780192888174.003.0006This is an 

open access publication, available online and distributed under the terms of a Creative 

Commons Attribution-Non Commercial-No Derivatives 4.0 International licence (CC BY-NC-ND 

4.0), a copy of which is available at https://creativecommons.org/licenses/by-nc-nd/4.0/. 

Subject to this license, all rights are reserved. 
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Figure 5 cites two references:  The first, [111], written in 2018, sets out a taxonomy of energy 

storage value streams, in the context of electricity systems and their associated markets in the 

USA.  The second reference19, with European and Australian comparisons, is a 2019 UK-

published report, which unfortunately is not available.   

Given the lack of availability of source material, and the change in some of the services, 

charges, and prices in the GB power system since the source material was written, the 

άŜŎƻƴƻƳƛŎ ǾŀƭǳŜέ ŦƛƎǳǊŜǎ  ƛƴ Figure 5 are viewed with caution, though they nevertheless 

provide a useful illustration of revenue streams which may be of interest to storage owners.   

In this chart, the reader can see 

¶ estimates of the potential economic value of 13 different identified services or 

activities which storage assets could engage in, in the four markets  

¶ an illustration of which activities may be more or less common, and more or less 

financially rewarding in the four markets  

¶ an indication of the range of remuneration, in some cases a very wide one, for 

provision of the same or a similar service όŜΦƎΦ άŦǊŜǉǳŜƴŎȅ ǊŜƎǳƭŀǘƛƻƴέύΣ ŜǾŜƴ in the 

same market  

¶ both similarities and differences in services, products and opportunities across the four 

markets.    

The main value streams from this chart which are applicable in GB are listed in Table 5.  This 

table refers to the sections of this chapter (and following chapter) where the services are 

elaborated.  Examples of potential revenues from all relevant services in GB, where 

enumerated, are summarised at the end of this chapter. 

 
19 Housden J.  An Evaluation of Energy Storage Profitability in the United Kingdom, Germany, Australia 
and the United States (London: Imperial College London, 2019). 
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Table 5 Potential value streams for storage assets, based on Figure 5: services and revenue streams available in 

GB 

Potential value 

stream listed in 

Figure 5 

GB service or activity Comments Section in 

this chapter 

/ chapter in 

this thesis 

where 

elaborated  

Frequency 

Regulation & 

Response  

Frequency response 

services,  

Fast Reserve 

 Section 3.2 

Voltage support Providers may be 

accessed via the Balancing 

Mechanism.   

Pathfinder ancillary 

services trials in a few 

locations 

Not identified in Figure 5 as a 

relevant revenue stream for 

storage in GB 

Not 

elaborated 

Peak capacity Capacity Market   Section 3.4 

Black start Black start / restoration  Figure 5 presumed to refer 

to synchronous hydro / PHS 

service providers in GB 

Not 

elaborated 

Ramping 

reserve 

Longer duration reserve 

services 

Relevant to longer-duration 

PHS / hydro rather than 

short-duration batteries 

Not 

elaborated 

Congestion 

relief 

Balancing Mechanism ς 

ESO actions to manage 

grid constraints 

 Section 3.3 

Transmission 

deferral 

 Section 3.3 

Distribution 

deferral 

Potentially a DSO 

flexibility service 

 Section 3.6 

Network 

charges 

reduction 

Transmission System Use 

of System (TNUoS) or 

Distribution Use of 

System (DUoS) charges 

Not identified Figure 5 as a 

relevant revenue stream for 

storage in GB.   

Section 3.5 

Energy 

arbitrage 

Energy arbitrage, more 

commonly called 

άǿƘƻƭŜǎŀƭŜ ǘǊŀŘŜǎέ 

 Section 3.3, 

Chapter 4 

Time of use bill 

management 

Reduction of TNUoS and 

DUoS charges or gaining 

of credits 

Potential for the highest 

incomes from this revenue 

stream has much diminished 

since 2021. 

Section 3.5  
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!ƴ ά9ƴŜǊƎȅ {ǘƻǊŀƎŜ bŜǘǿƻǊƪέ ƛƴŘǳǎǘǊȅ ŎƻƴŦŜǊŜƴŎŜΣ ƘŜƭŘ ƛƴ .Ǌƛǘŀƛƴ ƛƴ WŀƴǳŀǊȅ нлно όƛƴ ǇŀǊǘ 

online), discussed options and revenue streams for storage assets, in a GB context [112].  

Frequency response services, long the main revenue stream for batteries, were being offered 

by increasing numbers of market entrants, causing market saturation and lower prices towards 

the end of 2022, conditions that were expected to persist.  Industry participants believed that 

December 2022 was the first occurrence of conditions in which storage assets could accrue 

higher overall incomes from wholesale trades than from frequency response provision.  The 

presenters and delegates discussed the need for storage assets to jump between different 

revenue streams (frequency response, potentially reserves, and wholesale and Balancing 

Mechanism trades), ideally in-day, to achieve the best revenues.  There was agreement that 

future revenue streams were increasingly difficult to predict.  

The rest of this chapter discusses the most relevant activities, from the perspective of an 

owner of a battery located in GB.  These activities are: frequency response and reserve 

services, wholesale trades and Balancing Mechanism, Capacity Market, Use of System avoided 

costs or credits, and DSO flexibility services.  Potential incomes a battery could accrue from 

some of these services are enumerated, and summarised at the end of this chapter in Table 14 

and the rest of Section 3.7.   

Three case study periods during 2022 have been selected for detailed analysis in this and the 

following chapters, as shown in Table 6.  The year 2022 was chosen, as the year in which this 

study commenced, and also a year of exceptionally volatile wholesale prices at times, making it 

a year of great interest.  Case study periods were selected to illustrate different seasons, with 

different conditions of weather, in particular wind generation, and differing patterns of system 

demand.  The wholesale electricity price is fundamental to the work in the following chapter, 

of Scottish wind generation availability to the work which follows in Chapter 5, and of patterns 

of wind generation and demands in selected local areas in Chapter 6,7 & 8.  Case study 

periods, rather than the whole year, were chosen, because of lack of access to a wholesale 

price dataset, as described further in the following chapter. 

  



58 
 

Table 6 Case study seasons 

Season Start 

date 

End 

date 

Scottish BM20 

Wind availability 

(combined 

onshore and 

offshore) 

Wholesale electricity 

prices 

Weather  

ά{ǳƳƳŜǊέ 26 

May 

2022 

29 Jun 

2022 

Low for most of 

the period, with 

several short-

duration high-

wind episodes 

Relatively low and with 

low volatility for most of 

the time, with a few 

episodes of small price 

spikes or dips. 

Mostly 

sunny and 

warm 

ά!ǳǘǳƳƴέ 25 

Sept 

29 Oct 

2022 

High for most of 

the period, with 

brief lower-wind 

interludes.   

Significant volatility 

during early part, with 

prices becoming lower 

and calmer towards the 

end. 

Mild and 

windy 

ά²ƛƴǘŜǊέ 17 Nov 

2022 

21 

Dec 

2022 

Moderate to fairly 

high at the very 

start and end of 

the case study. A 

prolonged (cold) 

low-wind period 

in the middle, 

with near-zero 

wind for a few 

days. 

Initially moderate.  Very 

high price spikes during 

the early evening peak 

on a few days during 

late Nov and early Dec. 

The early December 

cold snap saw high 

prices with a large 

diurnal price range. 

Prices fell sharply near 

the end of the case 

study period, coinciding 

with a change in 

weather. 

Mild and 

windy, then 

very cold 

and calm, 

ending on 

milder 

windier 

weather 

 

This chapter also summarises the activities of grid-scale batteries that were active in GB during 

2022, during the whole of the year, and in particular during the case study periods.  Potential 

incomes a battery could accrue from wholesale trades during the same case study periods are 

enumerated in the following chapter.   

  

 
20 Balancing Mechanism (BM) is described in Section 3.3.3.3 
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3.2. Frequency Regulation, Frequency Response, and Reserve services 

Frequency regulation, frequency response and reserve services are among the suite of 

ancillary services which the System Operator procures as it needs.  These services are 

necessary to keep the steady state system frequency within the statutory frequency range 

(within 0.5 Hz of 50 Hz), and to limit the magnitude and duration of transient frequency 

deviations, as set out in the Security and Quality of Supply Standard (SQSS) [113].  The roles of 

these different services are illustrated in Figure 6 and Figure 7.  

 

 
Figure 6 Frequency restoration process. Reproduced fǊƻƳ bD9{hΩǎ 2022 Operability Strategy Report, [114] 



60 
 

 

Figure 7 Overview of Frequency regulation, frequency response and reserve services. Reproduced from NESO 

άwŜǎǇƻƴǎŜ wŜŦƻǊƳ wƻŀŘǎƘƻǿ ǎƭƛŘŜǎέΣ нлнп [115] 

3.2.1. LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ D.Ωǎ CǊŜǉǳŜƴŎȅ wŜƎǳƭŀǘƛƻƴ ŀƴŘ CǊŜǉǳŜƴŎȅ wŜǎǇƻƴǎŜ 

services 

Frequency regulation services Dynamic Moderation and Dynamic Regulation are designed to 

operate pre-fault, as illustrated in Figure 6 and Figure 7, as set out by the ESO in [116].   

Frequency response services are post-fault services, known ŀǎ άCǊŜǉǳŜƴŎȅ /ƻƴǘŀƛƴƳŜƴǘ 

wŜǎŜǊǾŜǎέΣ ǿƘƛŎƘ bD9{hΩǎ DǊƛŘ /ƻŘŜ ŘŜŦƛƴŜǎ ŀǎ: άin the context of Balancing Services, 

[Frequency Containment Reserves are] the Active Power reserves available to contain System 

Frequency after ǘƘŜ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ŀƴ ƛƳōŀƭŀƴŎŜέ [117], also illustrated in Figure 6 and Figure 7.   

Frequency regulation and response services all respond automatically to pre-defined 

conditions of system frequency, with response times ranging from sub-second (Dynamic 

/ƻƴǘŀƛƴƳŜƴǘ ŀƴŘ 5ȅƴŀƳƛŎ aƻŘŜǊŀǘƛƻƴύ ǘƻ олǎ όάǎŜŎƻƴŘŀǊȅ ǊŜǎǇƻƴǎŜέΣ ǇŀǊǘ ƻŦ ǘƘŜ aŀƴŘŀǘƻǊȅ 

Frequency Response (MFR) and Firm Frequency Response (FFR) portfolios).  Response is time-

ƭƛƳƛǘŜŘΣ ǊŜǉǳƛǊŜŘ ǘƻ ƭŀǎǘ ŦǊƻƳ нлǎ όaCw ŀƴŘ ǇǊŜǾƛƻǳǎƭȅ CCwΣ άǇǊƛƳŀǊȅ ǊŜǎǇƻƴǎŜέύ ŀƴŘ сл 

minutes (Dynamic Regulation) [118]ς[123]. 

Frequency response services have always been necessary for secure operation of a power 

system, to respond to a sudden major disturbance and prevent system frequency falling (or 

rising) outside of agreed limits.  Declining system inertia is necessitating faster-acting response 

services [29]Σ ŀ ƴŜŜŘ ƳŜǘ ōȅ bD9{hΩǎ  ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ƴŜǿ ŦŀǎǘŜǊ-acting frequency response 
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products in recent years. Batteries are particularly well-suited to delivering fast and time-

limited response and are among the services providers.  

3.2.2. Frequency response services: recent historical background and products 

overview  

Firm Frequency Response (FFR) has been ǘƘŜ άtraditional frequency response suite used for 

balancing grid frequency in real timeέ [121].  Most products within this portfolio have been 

discontinued as the faster-ŀŎǘƛƴƎ άŜƴŘ ǎǘŀǘŜ [frequency regulation and response] ǎŜǊǾƛŎŜǎέ 

have been introduced, described below.  Mandatory Frequency Response [122], [124] has long 

been in place, but is usually procured from thermal generators, requiring them to increase (or 

reduce) output at times of system need, and is of little relevance to batteries.   

Enhanced Frequency Response (EFR) was the first service in GB that required response - to 

both high and low frequency events - at speeds of up to 1 second, including a maximum 

activation delay of 500 ms, with response to be sustained for 15 minutes.  National Grid ran a 

single auction for Enhanced Frequency Response (EFR) in 2016, for contracts of four years 

[125].  National Grid stated it was agnostic to technology, location and connection voltage of 

applicants, and allowed bidding from plants not yet operational.  Delivery started between 

April 2017 and March 2018 [126].  All successful participants were batteries [126], [127].  

CƻƭƭƻǿƛƴƎ ǘƘŜ 9{hΩǎ ǊŜǾƛŜǿǎ ƻŦ ŀƴŎƛƭƭŀǊȅ ǎŜǊǾƛŎŜǎ ƛƴ ƎŜƴŜǊŀƭ ƛƴ нлмт [29], focusing on frequency 

response and reserve services in particular during 2017-2019 [128]ς[130]Σ ŀ ǎǳƛǘŜ ƻŦ άŜƴŘ 

ǎǘŀǘŜέ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ǎŜǊǾƛŎŜǎ ǿŀǎ ŘŜǾŜƭƻǇŜŘΣ ǿƘƛŎƘ Ŏƻƴǎƛǎǘǎ ƻŦ ǘƘǊŜŜ ǇǊƻŘǳŎǘǎ [131]:  

¶ Dynamic Containment (DC),  

¶ Dynamic Moderation (DM),  

¶ Dynamic Regulation (DR). 

!ƭƭ ǘƘǊŜŜ ǎŜǊǾƛŎŜǎ ƘŀǾŜ άƘƛƎƘέ ŀƴŘ άƭƻǿέ ǾŀǊƛŀƴǘǎΣ ǊŜǎǇƻƴŘƛƴƎ ǘƻ ƘƛƎƘ ŀƴŘ ƭƻǿ ŦǊŜǉǳŜƴŎȅ 

ŜǾŜƴǘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ƛΦŜΦ άƭƻǿέ ǎŜǊǾƛŎŜ όŜΦƎΦ ά5/[έύ ǿƻǳƭŘ ŘŜƭƛǾŜǊ ŜƴŜǊƎȅ όƻǊ ǊŜŘǳŎŜ 

ŎƻƴǎǳƳǇǘƛƻƴύΣ ŀƴŘ ŀ άƘƛƎƘέ ǎŜǊǾƛŎŜ όŜΦƎΦ ά5/Iέύ ǿƻǳƭŘ ǊŜŘǳŎŜ ƎŜƴŜǊŀǘƛƻƴ ƻǊ ƛƴŎǊŜŀǎe energy 

ƛƳǇƻǊǘΦ  ά[ƻǿέ ŀƴŘ άƘƛƎƘέ ǊŜǎǇƻƴǎŜ ǎŜǊǾƛŎŜǎ ŀǊŜ ǇǊƻŎǳǊŜŘ ǎŜǇŀǊŀǘŜƭȅΦ  5/ ŀƴŘ 5a ǊŜǉǳƛǊŜ 

response to commence within 0.5s, and full power within 1 s; DR can react more slowly, 

starting within 2s and delivering in full within 10s.  National Grid ESO launched the first 

product of the suite, Dynamic Containment [118], in 2020, and in its current form in autumn 

2021.  Significant volumes of DC are procured throughout every day.  The complementary 
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services Dynamic Moderation (DM) [119] and Dynamic Regulation (DR) [120] were launched in 

spring 2022.  National Grid publishes market data for the DC, DM and DR auctions [132], [133], 

including participants, prices offered and clearing prices.  All prices are for availability; any 

energy delivered is reimbursed according to the imbalance price for that Settlement Period21.   

¢ƘŜ ǊŜǎǘ ƻŦ ǘƘƛǎ ǎŜŎǘƛƻƴ ŦƻŎǳǎŜǎ ƻƴ ǇƻǘŜƴǘƛŀƭ ǊŜǾŜƴǳŜǎ ŀ ōŀǘǘŜǊȅ Ƴŀȅ ŀŎŎǊǳŜ ŦǊƻƳ ǘƘŜ άŜƴŘ 

ǎǘŀǘŜέ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ŀƴŘ ǊŜƎǳƭŀǘƛƻƴ ǎŜǊǾƛŎŜǎ 5/Σ 5a ŀƴŘ 5wΦ  ¢Ƙƛǎ ǎŜŎǘƛƻƴ ŀƛƳǎ ǘƻ ƎƛǾŜ ŀƴ 

indication of revenues a battery may accrue from frequency response services, for comparison 

with other activities, rather than an in-depth comparison of alternative frequency response 

services.  Thus, incomes from FFR, a service which is being phased out22, and other frequency 

response services, are not enumerated.   

3.2.3.  ά9ƴŘ ǎǘŀǘŜέ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ǎŜǊǾƛŎŜǎΥ 5ȅƴŀƳƛŎ /ƻƴǘŀƛƴƳŜƴǘΣ 

Dynamic Moderation, Dynamic Regulation 

3.2.3.1. Potential revenues: Clearing Prices 

All three products are traded on in an online auction, which run between 2 weeks and one day 

ahead.  Service provision is in 4-ƘƻǳǊ ά9C!έ ό9ƭŜŎǘǊƛŎƛǘȅ ŦƻǊǿŀǊŘ ŀƭƭƻŎŀǘƛƻƴύ ōƭƻŎƪǎ, timings 

shown in Table 7.  

Table 7 Timings of EFA blocks, for DC, DM and DR provision 

EFA block Start time End time 

1 23:00*  03:00 

2 03:00 07:00 

3 07:00 11:00 

4 11:00 15:00 

5 15:00 19:00 

6 19:00 23:00 

* Preceding day 

Timeseries charts for the clearing prices of availability payments for all three products, low and 

high, from October 2021 through till May 2023 [133] are displayed in Figure 8.  This figure 

shows the timeseries and trend, over a year and a half, of the clearing prices for the six 

services, for each EFA (i.e. time of day) block.   

 
21 Imbalance prices for any settlement period are influenced by any Balancing Mechanism Bids and / or 
Offers the ESO accepts, and the costs of any other balancing services. More information is available 

from Elexon here [282] 
22 hƴƭȅ ά{ǘŀǘƛŎ CƛǊƳ CǊŜǉǳŜƴŎȅ wŜǎǇƻƴǎŜ ƛǎ ŎǳǊǊŜƴǘƭȅ ǇǊƻŎǳǊŜŘΣ ŀǎ ƻŦ aŀǊŎƘ нлнрΣ ŀǎ ǎƘƻǿƴ ƛƴ [116]. 
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Figure 9 shows summary statistics for clearing prices for each product, for each EFA block, 

throughout the same period, or, for the products which commenced activity later, for the 

duration of their period of activity.  

Median prices for the products ranged from around £0 to £20 / MW/h availability price, with 

slightly higher mean prices.  The better performing products (DCL, DRH, DRL) had occasional 

much higher prices, exceeding £50/MW/h, and very occasionally, £100, in the case of DRH and 

DCL.   

From autumn 2021, there were relatively high and consistent clearing prices for DCL, the 

highest-value service, up until April 2022.  Thereafter, prices for DCL were variable, with the 

highest prices normally for EFA block 5 (early evening) sometimes exceeding £100/MW/hr.  

From October 2022 into spring 2023, high price spikes occurred occasionally, but prices 

generally remained low.  DRL and DRH had similar patterns from their introduction in April 

2022.   DCH, DML and DMH had much lower prices.  

Prices varied considerably between EFA blocks on some days, with late afternoon EFA block 5 

having the highest prices for DCL, DRH, and occasional price spike for DCH.  EFA block 3 

(morning) had occasional high price spikes for DCL, and EFA 2 (very early morning) for DCH.  

Mean daily revenues for each of the products, over the date range from 1 October 2021 (or 

the date at which the product was launched, in the cases of DM and DR) up until 3 May 2023, 

are shown, split by EFA block, in  Figure 10, and in total across all 6 EFA blocks, in Figure 11.   
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(a) DCL (b) DCH 

  

(c) DML (d) DMH 

  

(e) DRL (f) DRH 

Figure 8 Timeseries of auction clearing prices for DCL, DCH, DML, DMH, DRL, DRH, for each EFA (time of day) block.  

October 2021 ς May 2023. Data from [133] 
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(a) DCL (1 October 2021 to 3 May 2023) (b) DCH (1 October 2021 to 3 May 2023) 

  
(c) DML (7 May 2022 to 3 May 2023) (d) DMH (7 May 2022 to 3 May 2023) 

  
(e) DRL (10 April 2022 to 3 May 2023) (f) DRH (10 April 2022 to 3 May 2023) 

Figure 9 Summary stats for auction clearing prices DCL, DCH, DML, DMH, DRL, DRH, October 2021 ς May 2023.23 

Data from [133] 

   

 
23 All statistics are based on the blocks where orders were executed.  For DM and DR, there were 

numerous days on which some or all blocks were not procured.  These figures do not include such blocks 
in calculations. 
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Figure 10 Average24 daily revenue, split by EFA block, for provision of DC, DM and DR frequency response services, 

between 1 Oct 2021 (or date of service launch, when later) and 3 May 2023. Data from [133] 

 

Figure 11 Average daily revenue, total across all EFA blocks, for provision of DC, DM and DR frequency response 

services, between 1 Oct 2021 (or date of service launch, when later) and 3 May 2023.  Data from [133] 

 
24 Mean daily revenue, based on total revenue, and total number of days in the date range over which 
service could have been procured.  The denominator includes days on which no service was procured.  
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In Figure 11, the additional mean daily revenue figures, higher for DM and DR occur because 

on some days the market did not clear (e.g. the ESO chose not to procure some of these 

services during some EFA blocks on some days); on a few other days, the 9{hΩǎ Řŀǘŀ ǎƘƻǿ ǘƘŀǘ 

market cleared but no blocks were executed: it is unclear why this happened.  Excluding the 

days of no service provision from the calculation of average revenues would result in higher 

average incomes.  

These charts show that frequency response provision was a viable revenue-generating activity 

for batteries throughout 2022, though potential incomes declined toward the end of the year 

and remained lower into 2023.    

3.2.3.2. Potential revenues from DC/DM/DR frequency response provision 

ŘǳǊƛƴƎ ǘƘǊŜŜ άŎŀǎŜ ǎǘǳŘȅέ ǘƛƳŜ ǇŜǊƛƻŘǎ ƛƴ нлнн 

The following chapter of this thesis explores potential net revenues a battery could accrue by 

engaging in wholesale trades, during three 5-week case study periods during 2022.  

For comparison, the potential revenues a battery could accrue if engaged in frequency 

response provision during those dates are enumerated below.  

The dates are:  

¶ ά{ǳƳƳŜǊέΥ  26 May ς 29 June 2022, inclusive 

¶ ά!ǳǘǳƳƴέΥ  25 September ς 29 October 2022, inclusive 

¶ ά²ƛƴǘŜǊέΥ  17 November ς 21 December 2022, inclusive 

Timeseries of potential revenues for DC, DM and DR, for all the EFA blocks, during each of the 

three above case study seasons, are shown in Chapter 3 Annex 2. 

Figure 12 (a) and (d), and Figure 13 (a), show timeseries clearing prices for the frequency 

response service with the highest overall prices, over the summer, autumn and winter case 

study periods, respectively.    Figure 12 (b) and (e), and Figure 13 (b), show potential average 

daily revenues for each frequency response product (averaged over the whole of the time 

interval).   

Clearly, average prices over each 5-week case study period mask days and EFA blocks of much 

higher and lower clearing prices, and blocks of no service procurement, as illustrated in the 

timeseries charts Figure 12(a), Figure 12(d) and Figure 13(a), with results for all frequency 

products over the case studies shown in Chapter 3 Annex 2. However, the calculation of 
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average potential revenues per day over the cases study periods for these services is 

nevertheless useful, to aid comparison of potential revenues with an alternative activity, 

wholesale trading, over the same case study periods (described in Chapter 4).  

Figure 12 (c) and (f), and Figure 13 (c), show average total daily  revenues which would be 

accrued by offering each service for all EFA blocks, for the whole of the summer, autumn and 

winter case study periods. These values are tabulated in Table 8.   

Table 8 Summary of potential revenues from frequency response service provision every day, across all EFA 

ōƭƻŎƪǎΣ ŘǳǊƛƴƎ άǎǳƳƳŜǊέΣ άŀǳǘǳƳƴέ ŀƴŘ άǿƛƴǘŜǊέ нлнн ŎŀǎŜ ǎǘǳŘȅ ǎŜŀǎƻƴǎΦ 5ŀǘŀ ŦǊƻƳ [133] 

Case 

study 

period 

Average daily potential revenues, £ / MW / day (averaged over whole time 

interval) 

DCL DCH DML DMH DRL DRH 

Summer £848 £93 £33 £51 £462 £391 

Autumn £280 £59 £40 £109 £240 £108 

Winter £208 £108 £34 £134 £272 £166 

 

Key: 

 

 

 

 Most lucrative service for that season 

 Second most lucrative service for that season 

 Next most lucrative service for that season 

 Least lucrative service for that season 

 

These  totals should be regarded as minimum levels of potential revenues.   Figure 12 (b) 

illustrates that in summer, DCL outperformed all other products in terms of revenues for its 

providers over all EFA blocks.  In autumn and especially in winter, however, different 

frequency products cleared at higher prices over different EFA blocks, on average, as shown in 

Figure 12 (e) and Figure 13 (b).  An astute battery owner could increase income by offering 

different products at different times of day.  Furthermore, prices for all EFA blocks varied 

considerably from day to day, as illustrated in Chapter 3 Annex 2.  Further revenue 

improvements could be made by changing offerings from day to day, as well as offering 

different products for different EFA blocks.   
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(a) summer case study, timeseries clearing prices for DCL (b) summer case study, average daily revenue for each EFA 

block 

(c) summer case study, average total daily revenue across all 

EFA blocks 

   

(d) autumn cases study, timeseries clearing prices for 

DCL 

(e) autumn case study, average daily revenue for each EFA 

block 

(f) autumn case study, average total daily revenue across all 

EFA blocks 

Figure 12 Timeseries clearing price of best-performing frequency response product (DC, DM or DR); potential average daily revenues per EFA block from provision of DC, DM and DR 

per; potential average daily revenues in total across all EFA blocks from DC, DM and DR. For the summer and autumn case study periods. Data from [133] 
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(a) winter case study, timeseries clearing prices for DRL (b) winter case study, average daily revenue for each EFA 

block 

(c) winter case study, average total daily revenue across all 

EFA blocks 

Figure 13 Timeseries clearing price of best-performing frequency response product (DC, DM or DR); potential average daily revenues per EFA block from provision of DC, DM and DR 

per; potential average daily revenues in total across all EFA blocks from DC, DM and DR. For the  winter case study period. Data from [133] 
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A battery may be able to offer both high and low services at the same time, particularly for the 

shorter-duration DC and DM services, if it starts with and can maintain a suitable state of 

charge.  Any such offering would be subject to compliance with the EShΩǎ ǊǳƭŜǎ ƻƴ ōŀǘǘŜǊƛŜǎΩ 

state of charge and energy store through the EFA block in 2022 [134]ς[136], rules later 

amended, 2025 rules shown in [137].   

¢ƘŜǎŜ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ǇǊƻŘǳŎǘǎΩ ǊǳƭŜǎ ŀƭǎƻ ƭƛƳƛǘŜŘ ǊŀǘŜǎ ŀƴŘ ǊŀƳǇ ǊŀǘŜǎ ƻŦ ǊŜŎƘŀǊƎƛƴƎ ŀŦǘŜǊ 

any service delivery, to avoid any further system disturbance in the aftermath of an initial 

event requiring delivery of response services.  Such restrictions may complicate simultaneous 

high and low service provision.  A 2-hour battery would not be able to offer simultaneously 

high and low DR at full capacity (i.e. maximum MW), because it would be required to have 

άǊŜǎŜǊǾŜŘ ŎŀǇŀŎƛǘȅέ ǘƻ ƻŦŦŜǊ ǇǊƻǾƛǎƛƻƴ ŦƻǊ ƻǾŜǊ м hour in both directions, and also to slowly 

recharge [137].  Batteries can offer services at less-than-full capacity, though offerings must be 

in whole numbers of MW. 

3.2.3.3. Participation of batteries in frequency response services 

¢ƘŜ 9{hΩǎ aŀǊƪŜǘ 5ŀǘŀ ŦƻǊ ǘƘŜ 5/Σ 5a ŀƴŘ 5w ǎŜǊǾƛŎŜǎ ƭƛǎǘ ǘƘŜ ƴŀƳŜǎ ƻŦ ǘƘŜ ƻǿƴŜǊΣ ŀƴŘ ŀƴ 

identifier for each unit [132].   

Unfortunately, this dataset does not list the technology type of participants, though in some 

ŎŀǎŜǎ ǘƘŜ ƻǿƴŜǊΩǎ ƴŀƳŜ ǎǘǊƻƴƎƭȅ ǎǳƎƎŜǎǘǎ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ; some owners are generic energy 

service providers or aggregators.  This dataset lists around 72 unique identifiers, assumed to 

be unique service providers25.   

However, these 72 unique identifiers / providers include 19 identifiers which also appear on 

the list of batteries engaged in a completely different pair of activities, the Balancing 

Mechanism and  Wholesale trades, activities which are described in Section 3.3.  The latter list 

does state technology type of participants.  There were 23 batteries which engaged in at least 

one wholesale trading or Balancing Mechanism action during 2022 (with one additional 

battery which first offered frequency response services in early 2023), of which 19 had an 

identifier which is also listed in the Market Data for DC, DM and DR.  It is assumed these same 

identifiers, on the two lists of different activities, refer to the same battery units.   

 
25 Identifiers which appeared to be spelling variations of other listed units were not counted separately, 
neither were entries which appeared to be aggregators or other provider types.  
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Using this assumption, at least 19 battery units, but potentially up to around 70 battery units,  

ǇǊƻǾƛŘŜŘ άŜƴŘ-ǎǘŀǘŜέ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ǎŜǊǾƛŎŜǎ όƛΦŜΦ ƻƴŜ ƻǊ ƳƻǊŜ ƻŦ 5/Σ 5a ŀƴŘκ ƻǊ 5wύ 

during 202226.  Of these, 19 also engaged in wholesale trades and / or Balancing Mechanism 

activity.  Most batteries which engaged in both activities started trading activities and 

frequency response services within a month of each other.  Of the 4 batteries which 

participated in wholesale trades but did not offer frequency response services, all started 

ǘǊŀŘƛƴƎ όƻǊ ƛƴ ƻƴŜ ŎŀǎŜΣ ǘǊŀŘƛƴƎ ǊŜƎǳƭŀǊƭȅύ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ȅŜŀǊΣ ƛƴ 5ŜŎŜƳōŜǊΦ  .ŀǘǘŜǊƛŜǎΩ 

details are shown in Chapter 3 Annex 3. 

3.2.4. Reserve services    

Provision of Reserve services to the ESO is a further potential revenue stream for batteries.  

Reserve services provide Frequency Restoration Reserves [138] to the ESO, defined in the 

9{hΩǎ DǊƛŘ /ƻŘŜ ŀǎ άin the context of Balancing Services, [Frequency Restoration Reserves are] 

the Active Power reserves available to restore System Frequency to the nominal Frequencyέ 

[117].  Reserve services are slower to respond than frequency response services, and are 

normally required to extend provision for longer.   

Of most interest to batteries would be a fast-ŀŎǘƛƴƎ ǊŜǎŜǊǾŜ ǎŜǊǾƛŎŜΣ ǎǳŎƘ ŀǎ άCŀǎǘ wŜǎŜǊǾŜέΣ 

which requires response within 2 minutes, continuing for 15 minutes [139].  Market 

Information Reports for Fast Reserve from 2020-2021 show much lower prices than for 

frequency response services, very rarely exceeding £200/MWh [140].  However, no market 

ǊŜǇƻǊǘǎ ŦƻǊ Cŀǎǘ wŜǎŜǊǾŜ ŀǊŜ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ 9{hΩǎ ǿŜōǎƛǘŜ ōŜȅƻƴŘ WǳƴŜ нлнмΦ  

Longer-duration reserve service Short-Term Operating Reserve (STOR) could have been offered 

by participants able to deliver for periods of 2 hours or more, which would be open to many 

batteries, though most service delivery times during 2022-23 required longer delivery times, of 

up to 7 hours, which are out-of-reach for short-duration batteries [141].  Short duration 

batteries therefore could have engaged in this service, but only as an occasional or 

supplementary revenue stream. 

bD9{hΩǎ ǊŜǎŜǊǾŜǎ ǇƻǊǘŦƻƭƛƻ Ƙŀǎ ōŜŜƴ ǳƴŘŜǊ ǊŜǾƛŜǿ ǎƛƴŎŜ нлнн [142], [143].    

¶ A faster-ŀŎǘƛƴƎ ǊŜǎŜǊǾŜ ǎŜǊǾƛŎŜ ƴƻǘ ŀǾŀƛƭŀōƭŜ ŘǳǊƛƴƎ нлннΣ άvǳƛŎƪ wŜǎŜǊǾŜέ [144], has 

been in preparation during 2024 with its launch imminent at time of writing (late 

 
26 Additional batteries may potentially participate via an aggregator 
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2024).  This and potentially other future reserve services could be an additional 

revenue stream of interest to batteries.   

¶ ! ǊŜǇƭŀŎŜƳŜƴǘ ŦƻǊ {¢hwΣ ά{ƭƻǿ wŜǎŜǊǾŜέΣ ƛǎ ŀƭǎƻ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ [145], with 

suggested minimum delivery periods of 2 hours : this service may also be an option for 

batteries and other storage assets, especially those of longer duration. 

¶ ¢ƘŜ 9{h ǇǊƻǇƻǎŜ ǘƻ ƛƴǘǊƻŘǳŎŜ ŀ ƴŜǿ ǊŜǎŜǊǾŜ ǎŜǊǾƛŎŜΣ ά.ŀƭŀƴŎƛƴƎ ǊŜǎŜǊǾŜέ [146], to 

allow more procurement day ahead, intended to be allow cheaper service 

procurement than using the Balancing Mechanism in-day (described in the following 

section).   Few details are available.  

In short, reserve services are a potential income stream, though they can also be provided by 

other technologies with slower activation times and longer delivery times than batteries, 

which could be expected to drive down prices.  In some cases, required delivery times exceed 

capabilities of short-duration batteries.  

During the year of interest, 2022, reserve services were under review, and little market 

information is available.  

3.3. Balancing Mechanism and Wholesale Trades 

3.3.1. Overview 

Electricity is traded between generators and entities which use energy (Suppliers and large 

ŘŜƳŀƴŘ ǳǎŜǊǎύ ƭŀǊƎŜƭȅ ƛƴ ōƛƭŀǘŜǊŀƭ ǘǊŀŘŜǎΣ ǿƛǘƘ ά{Ǉƻǘ ƳŀǊƪŜǘέ ǇƭŀǘŦƻǊƳǎ ŀƭƭƻǿƛƴƎ ŦǳǊǘƘŜǊ Řŀȅ-

ahead and in-day trades.   

Transmission-connected generators, Suppliers, and certain other major entities are required to 

register with both the ESO and the trades administrator Elexon as Balancing Mechanism Units 

(BMUs).  BMUs are required to inform the ESO of their intended output (or consumption) of 

electricity for each half hour Settlement Period, in a Final Physical Notification (FPN), prior to 

άƎŀǘŜ ŎƭƻǎǳǊŜέ ŀƴ ƘƻǳǊ ŀƘŜŀŘ ƻŦ ŘŜƭƛǾŜǊȅ όƻǊ ŎƻƴǎǳƳǇǘƛƻƴύΦ   

The ESO uses the Balancing Mechanism (BM) as a tool to manage any imbalance between 

generation and demand, and any other system operability constraints.  BMUs are required to 

state the price at which they would increase output of electricity (or reduce consumption), in 

an Offer, or decrease generation (or increase consumption), in a Bid. In the time between gate 

closure and real time, the ESO accepts some of the Bids and / or Offers, as necessary for 
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system operation, by issuing Bid Offer Acceptance notices (BOAs) to the selected BMUs  [147]ς

[149].   

Traditionally, BM participants were larger transmission-connected and larger distribution-

connected generators, Suppliers27, and certain other entities, including financial organisations.  

However, the ESO and other European TOs have taken steps to enable wider access to the BM, 

and participants sized from 1 MW can opt to participate.  Participation requires registrations 

with the ESO and with the trades administrator Elexon, testing, and communications and 

monitoring infrastructure with the ESO and Elexon.  Small units may register via an aggregator 

or a virtual lead party, as described in [150]ς[152].   

3.3.2. Potential revenues 

Potential revenues from wholesale trades during selected periods of 2022 are enumerated in 

the following chapter.  

Potential revenues from Balancing actions have not been enumerated.  It is NGESO, not an 

individual provider, which decides which BM participant to instruct to deliver an offer or bid, 

so estimates of future incomes for any single service provider would be subject to significant 

uncertainty.  However, this would be a useful avenue of further work.  

Transmission Constraints services 

As described above in Section 3.3.1, the ESO uses the BM to manage a range of system 

operability issues and imbalances between generation and demand.   

In recent years, as more wind generation is deployed in Scotland, during windy weather, total 

inflexible generation significantly exceeds both demand in Scotland and also transmission 

ƴŜǘǿƻǊƪΩǎ ŎŀǇŀŎƛǘȅ ǘƻ ŜȄǇƻǊǘ ŜȄŎŜǎǎ ƎŜƴŜǊŀǘƛƻƴ ǘƻ ƭŀǊƎŜǊ ŘŜƳŀƴŘ ŎŜƴǘǊŜǎ further south in GB, 

ǇŀǊǘƛŎǳƭŀǊƭȅ ŀŎǊƻǎǎ ǘƘŜ ά.сέ ǘǊŀƴǎƳƛǎǎƛƻƴ ōƻǳƴŘŀǊȅ28 which delimits the transmission system in 

Scotland from that in England and Wales.  (This thesis further explores implications of this 

transmission constraint in Chapter 5.)      

The BM is used to manage this constraint.  At times of high wind, generators ς normally wind ς 

in Scotland (north of the constraint) are instructed to reduce output, while thermal generators 

 
27 Suppliers in the GB system are the entities which perform the retail function of electricity, i.e. 
purchase electricity in wholesale markets, and contract to supply residential and non-residential end-
users of electricity [283] 
28 !ǎ ŘŜǎŎǊƛōŜŘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ƛƴ ǘƘŜ 9{hΩǎ 9ƭŜŎǘǊƛŎƛǘȅ ¢Ŝƴ ¸ŜŀǊ {ǘŀǘŜƳŜƴǘ ό9¢¸{ύΦ  9¢¸{ нлнп ƛǎ ŦƻǳƴŘ 
here: [274] 
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in England (south of the constraint) are instructed to increase output.  Both the turning down 

of turning up of generation in different places add to constraint costs, costs which dominate 

overall balancing costs, and which have doubled since 2018/2019 due to both higher volumes 

and higher wholesale electricity prices, as illustrated in Figure 14. 

 

Figure 14 Outturn balancing costs and volumes 2018/19 to 2023/24.  Reproduced from NESO [153]  

In [153], [154], the ESO states its expectation that high constraint costs will continue for some 

years because of the time lag between installation of greater wind generation capacity in (and 

offshore of) Scotland, and of additional transmission network capacity across this constraint.   

Deployment of batteries would be expected to reduce constraint costs, as the ESO would have 

greater choice of which assets to constraint on or off and could choose lower cost options, 

provided compatible with any other operability constraints.  Batteries located in Scotland, 

north of the major constraints, would be expected to propose bids (generation turn-down or 

demand turn-up) of lower cost than most wind generators which provide this service (most of 

which charge to turn down, to compensate for the loss of generation-pegged subsidy).  An 

industry report from 2024 [155] finds that some batteries BMUs in Scotland are indeed being 

instructed by the ESO to provide BM bids (presumably at lower cost than other providers).  

However concern has been raised that some batteries are being paid for managing a constraint 

that is partly of their own making [156], a criticism that could perhaps be made of other 

generators.  The same industry report found that batteries, anywhere in GB, as of 2024, were 

very rarely used to provide BM offers (generation turn-up / demand turn-down).  This is clearly 

an evolving area.   

[153] ŘŜǎŎǊƛōŜǎ ǘƘŜ 9{hΩǎ ŀŎǘƛƻƴǎΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ŀ ǎǳƛǘŜ ƻŦ ŀŘŘƛǘƛƻƴŀƭ ǇƭŀƴƴŜŘ ƴŜǘǿƻǊƪ 

connections, over the coming years, and constraint management markets, such as a άDǊƛŘ 

ōƻƻǎǘŜǊέΣ ŘŜǎŎǊƛōŜŘ ƛƴ ǎŜǊǾƛŎŜ [157], in which batteries or other energy storage assets near to a 
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ǘǊŀƴǎƳƛǎǎƛƻƴ ŎƻƴǎǘǊŀƛƴǘ ōƻǳƴŘŀǊȅ όǘƘŜ ά.сέ ōƻǳƴŘŀǊȅ ōŜƛƴƎ ƻŦ Ƴƻǎǘ ƛƴǘŜǊŜǎǘύΣ Ƴŀȅ ƛƴ ŦǳǘǳǊŜ 

provide contingency or a post-fault service .   

tƻǘŜƴǘƛŀƭ ǊŜǾŜƴǳŜǎ ŀǊŜ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ƘŜǊŜΣ ōǳǘ ŎƻǳƭŘ ōŜ ǇŀǊǘ ƻŦ ŀ ǎǘƻǊŀƎŜ ŀǎǎŜǘΩǎ ōǳǎƛƴŜǎǎ 

case, if such services would be paid well enough, or be required for long enough, for a storage 

asset to construct a viable business case.   

 

3.3.3. Wholesale trading and BM activity among grid-connected batteries in 

GB 

Balancing Mechanism data for 2022 list 40 battery BMUs within GB, of which 23 had activity 

(wholesale trades and or BM trades) during that year.  Of these, only 7 had any activity in 

January 2022; the others commenced activity later in the year, with 3 not commencing activity 

until December.   

The batteries are listed in Chapter 3 Annex 3, together with dates of first frequency response, 

FPN and BM activities. Chapter 3 Annex 4 displays timeseries plots of FPN and BM activity for 

all batteries active during 2022.  Chapter 3 Annex 5 summarises battery activity (wholesale 

trades, provision of DC/ DM / DR frequency response services, and BM trades, as a percentage 

of FPNs) during three case study seasons in 2022, which are described in greater detail in the 

following chapter.  Annexes 4 and 5  shows that almost all batteries which participated in 

wholesale trades also engaged in at least one balancing action.  However, all providers, the 

volume of wholesale trades far exceeded that of balancing actions, though for a few batteries, 

there were shorter periods during which balancing actions were significant compared to other 

activity.  

One immediate observation is that many batteries had very different patterns of activity at 

different times.  Many operated at capacities (MW) much below their maximum (taken to be 

the larger of the highest export and the highest import FPN occurring during 2022) for 

ǎƛƎƴƛŦƛŎŀƴǘ ǇŜǊƛƻŘǎ ƻŦ ǘƛƳŜΦ  ¢Ƙƛǎ Ƴŀȅ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ōŀǘǘŜǊƛŜǎ άǎǘŀŎƪƛƴƎέΣ ƛΦŜΦ ǳǎƛƴƎ ǇŀǊǘǎ ƻŦ 

their capacity for different activities, as described in Chapter 2.  Several batteries29 operated 

with very small FPNs, an order of magnitude lower than their maximum FPNs, for extended 

periods.  This activity could be accompanying frequency response service delivery, by 

 
29 Examples include Port of Tyne, Roosecote, Kemsley, Pen y Cymoedd, and the two West Burton B 
batteries.  Timeseries of all batteries are shown in Annex 4.  
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performing slow adjustments to or maintenance of their State of Charge, as required by 

bD9{hΩǎ ǊǳƭŜǎ ŦƻǊ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ǇǊƻǾƛŘŜǊǎΦ  Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ƴŜǿ ōŀǘǘŜǊƛŜǎΣ ǾŜǊȅ ƭƻǿ-power 

activity could be part of a commissioning phase.  Several batteries had extended periods of 

only or predominantly engaging in either imports or exports, even including BM trades, which 

is surprising, but could be recovery from the delivery of frequency response services.  Some 

differences in activity between batteries may be explained by the degree of access that they 

have to information and forecasts, and the quality of such data.  Differing access to ancillary 

services markets or various trading platforms (all of which have their own registration and  

approval processes) may also explain some differences in activity over time, and between 

batteriesΣ ŀǎ ŎƻǳƭŘ ǘƘŜƛǊ ƻǿƴŜǊǎΩ ōǳǎƛƴŜǎǎ ƳƻŘŜƭs, preferences and appetite for risk.  

Operational constraints, such as specific cycling requirements or limitations to maintain asset 

ƘŜŀƭǘƘ ŀƴŘ κ ƻǊ ŎƻƳǇƭȅ ǿƛǘƘ ǿŀǊǊŀƴǘȅ ŎƻƴŘƛǘƛƻƴǎΣ Ƴŀȅ ŀƭǎƻ ƎƻǾŜǊƴ ōŀǘǘŜǊƛŜǎΩ ŀŎǘƛǾƛǘȅ.  In short, 

there is significant diversity of battery activity between batteries, and in some cases between 

activity of the same battery at different times.  It is likely they are engaging in different 

activities, including wholesale trades, but some features of their activity are hard to surmise.  

3.4. Capacity Market  

3.4.1. Introduction   

The Capacity Market is a UK Government mechanism to ensure electricity system security in 

the event of low generation conditions [13], [158].  Providers, which could be schedulable 

generators or demands, are selected at auctions, and are contracted to deliver generation or 

demand reduction if required.  Providers receive a steady income, but would face penalties for 

any failure to deliver if required. 

3.4.2. Requirements  

Providers, (termed Capacity Market Units, CMUs), are required to remain ready to deliver 

capacity as required.  In the event of expected generation falling to within 500 MW of 

expected demand, the ESO would issue a Capacity Market Notice.  A CMU is expected to 

deliver its de-rated capacity, 4 hours after the ESO issues a Capacity Market Notice, for as long 

as the system stress event lasts.   

Definitions of a system stress event, capacity market system stress event and other relevant 

terms are covered in [159] and described in Chapter 3 Annex 6.  NGESO determines 

retrospectively whether or not a Capacity Market System stress event occurred.    
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To date, there have not been any Capacity Market events.  Capacity Market Notices have been 

issued, but withdrawn within the four hours between notice issue and required delivery.  

Details of a recent example of such an event are included in Box 1. 

Box 1: Example of a recent Capacity Market notice  

 

CMUs face penalties for under-delivery during a Capacity Market event, and there may be 

rewards for over-delivery.   Financial rewards from arbitrage would have to be extremely good 

to make a first penalty worth incurring.  However, if multiple events happened within a month, 

the monthly penalty for a CMU is capped at twice its monthly payment, so any failure to 

deliver on additional CM events within a month would result in diminishing penalties.   

Any CMUs providing ancillary services (e.g. frequency response or reserve) to the ESO during a 

system stress event, or responding to a Balancing Mechanism instruction, are exempt from the 

CM requirement to deliver additional generation or demand reduction. 

Capacity Market Notice: 8 January 2025 

In the most recent example of a Capacity Market Notice, tight margins for the evening peak in 

demand on 8 January were identified several days beforehand, as described by NESO in [287].  

(The margins refer to the capacity of additional generation available and not despatched, and 

which might, potentially, be needed in the event of an outage.)   

Despite NESO actions of rescheduling planned transmission works to allow greater generation 

capacity, on the morning of 8 January, output from wind and a thermal generator were lower 

than expected, and the forecast for the evening peak demand was rising.  With these in-day 

changes reducing already-tight electricity system margins, a Capacity Market Notice, and also an 

Electricity Market Notice, were issued, around midday, for the forthcoming evening peak 

demand period.   

NESO then arranged interconnector imports, additional generation, and demand flexibility 

services delivery, to cover the high-demand evening peak.  These actions increased the margin 

on the electricity system, and both Capacity Market Notice and Electricity Market Notice were 

cancelled in the afternoon, prior to the high demand period, and prior to the expected Capacity 

Market event period.  Thus, no Capacity Market actions from providers were required. 



79 
 

All rewards, and the continuation of CM registration, are subject to monitoring, information 

provision and other actions stipulated by NGESO.   

 

3.4.3. Auction results  

Prices are determined at auctions, primarily T-4 (nominally 4 years ahead) and T-1 (nominally 1 

year ahead).   Each auction has a single clearing price applicable to all successful participants.  

A technology-specific de-rating factor is applied to all payments, taking into account likelihood 

of non-delivery, with the greatest de-ratings applied to very short-duration storage assets and 

some weather-dependent renewable generators [160], [161].  Results of CM auctions for 

delivery in year 2022/23 are tabulated in Table 9.  Results of auctions for delivery the following 

year, and results of auctions held during 2022 and 2023, are tabulated in Chapter 3 Annex 7 for 

reference.    

A 2-hour battery contracted to deliver in the CM during 2022/23 would earn payments of 

around £10 / MW/day in the 2019 T-3 auction [160], [162], and around £100 / MW/day in the 

2021 T-1 auction [161], [163], as shown in Table 9.  Incomes varied between auctions, with 

respective payments for delivery the following year being £20 / MW/day (T-4) [160], [164] and 

£60 / MW/day (T-1) [161], [165]; de-rated prices for a 2-hour battery, for auctions held during 

2022 and 2023 ranged from £33 / MW/day [161], [166] to £104 /MW/ day [161], [163], as 

tabulated in Chapter 3 Annex 7.  In most of the auctions reported, incomes for 1-hour batteries 

would be approximately half of those for 2-hour batteries; incomes for 4-hour batteries would 

be approximately 150% of those of 2-hour batteries [160], [161].   
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Table 9 Capacity Market: Auction results, de-rating factors and revenues for storage participants [160]ς[163]. 

Delivery year 2022/23 

Auction 2019 T-3  2022/23 2021 T-1 2022/23 

Auction 

held 
Feb 2020 Feb 2022 

Delivery 

year 
2022/23 2022/23 

Storage 

duration 

De-

rating 

factor 

Auction 

clearing 

price,  

£/kW/yr 

Revenue,  

£/MW/yr  
30 

Revenue, 

£/MW 

/day 31 

De-

rating 

factor 

Auction 

clearing 

price,  

£/kW/yr 

Revenue, 

£/MW/yr  
30 

Revenue, 

£/MW 

/day  31 

Storage ς 

1 hr 
21.36% £6.44 £1,376 £3.77 25.87% £75 £19,403 £53.16 

Storage ς 

2 hr 
42.53% £6.44 £2,739 £7.50 50.63% £75 £37,973 £104.03 

Storage ς 

4 hr 
67.04% £6.44 £4,317 £11.83 74.84% £75 £56,130 £153.78 

 

3.4.4. Conclusion on viability of Capacity Market as an activity for batteries 

The Capacity Market is a further potential revenue stream available to batteries and other 

storage providers.  Revenues are relatively small, but nevertheless appealing for several 

reasons.  Contracts are for at least a year and bring in monthly payments.  Payments can be 

stacked with other revenue streams.  Requirements on participants do not appear excessively 

onerous or expensive.  Indeed, a battery or other provider may not have to do much other 

than actions it would be incentivised to do by expected high wholesale prices during a system 

stress event.   

Looking forward, reform to the Capacity Market is within the scope of REMA [24], so changes 

to rules and requirements may be forthcoming.  

 

 
30 Annual revenues (£/MW/year) were calculated by multiplying the £/kW/year clearing price 

(from the auction results) by the technology-specific de-rating factor (also in the auction 

results) and then by 1000 (to convert from kW to MW).   

 
31 Projected daily revenues were calculated by dividing annual revenues by 365.  
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3.5. Use of System Network charges: avoidance and credits  

A further potential set of revenue streams for a battery would be to reduce charges, or gain 

credits, relating to the Use of System charges (or credits) for use of both Transmission and 

Distribution networks, charges which most electricity system users pay in their electricity bills.  

These charges are known as Transmission Network Use of System (TNUoS) and Distribution 

network Use of System (DUoS) charges, respectively. 

One approach would be to reduce the charges a large electricity consumer would incur, by 

reducing  the demand through its MPAN during periods when high network charges apply. This 

ŀǇǇǊƻŀŎƘ ǿƻǳƭŘ ōŜ ŀǇǇƭƛŎŀōƭŜ ǘƻ ōŀǘǘŜǊƛŜǎ ŎƻƴƴŜŎǘŜŘ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέ ƻŦ ŀ large consumer.  

A battery or other schedulable energy asset could potentially reduce both TNUoS and DUoS 

charges.    

Alternatively, a stand-alone battery (or schedulable generator) could accrue DUoS and 

potentially TNUoS credits for exports during times of high demand-driven network congestion.   

Potential revenues for a battery are summarised below.  Such approaches have been of among 

the revenue streams of interest to storage and other flexible energy resources [167]. 

3.5.1. TNUoS charges and credits 

All users of the electricity network, whether Transmission or Distribution-connected, are liable 

for Transmission Network Use of System (TNUoS) charges.  Transmission connected batteries 

would normally be liable for generation TNUoS charges (or credits) [168], which depend 

entirely on location, and have no time-of-use element.  However, distribution-connected 

batteries may be able to access TNUoS credits, depending on contract and connection type.    

3.5.1.1. ά¢ǊƛŀŘ ŀǾƻƛŘŀƴŎŜέ  

¢Ƙƛǎ ǎŜǊǾƛŎŜ ŎƻǳƭŘ ōŜ ŀƴ ƻǇǘƛƻƴ ŦƻǊ ŀ ōŀǘǘŜǊȅ ŎƻƴƴŜŎǘŜŘ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέ ƻŦ ŀ ƭŀǊƎŜ 

electricity consumer.   

Prior to financial year 2023/24, for half-hourly metered consumers, the entire charging base 

for TNUoS charges on half-hourly-ƳŜǘŜǊŜŘ ŎǳǎǘƻƳŜǊǎ ǿŀǎ ǘƘŜƛǊ ŎƻƴǎǳƳǇǘƛƻƴ ŘǳǊƛƴƎ ά¢ǊƛŀŘǎέ 

ǎŜǘǘƭŜƳŜƴǘ ǇŜǊƛƻŘǎΦ  ¢ƘŜ ά¢ǊƛŀŘǎ ά ŀǊŜ ǘƘŜ ǘƘǊŜŜ ǎŜǘǘƭŜƳŜƴǘ ǇŜǊƛƻŘǎ ƻŦ ƘƛƎhest system demand, 

occurring during the winter months (November to February inclusive) of a financial year, and 

separated by at least 10 clear days [169].  Triad periods are determined retrospectively.  
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The charges vary with location, with lowest charges in Northern Scotland, and the highest in 

the South West England, as shown in Table 10.   

A major reform of network charges (the Targeted Charging Review [99]) changed the basis for 

TNUoS revenue collection.  From 2023/24 onwards, the bulk of TNUoS charges for demand 

users (i.e. electricity consumers) ŀǊŜ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ǎǘŀƴŘƛƴƎ ŎƘŀǊƎŜǎΦ  ά¢ǊƛŀŘǎέ Řƻ ǊŜƳŀƛƴΣ ōǳǘ ŀǎ 

an additional and much smaller charge, applicable in southern parts of Britain only, as shown 

in Table 10 for year 2023/24 and 2024/25.   

Thus, in 2022/23, a battery which facilitated reduction of average Triad demand by 1 MW, 

would have saved an industrial consumer between around £30,000 (in Scotland) and £45,000 - 

£65,000 (in England and Wales) over that financial year.  This revenue figure does not include 

the cost of the energy purchase.  However, energy prices are likely to be high at times of high 

ǎȅǎǘŜƳ ŘŜƳŀƴŘΣ ǎƻ ǇǳǊŎƘŀǎƛƴƎ ŜƴŜǊƎȅ ƛƴ ŀŘǾŀƴŎŜΣ ǎǘƻǊƛƴƎ ƛǘ ŦƻǊ ǳǎŜ ŘǳǊƛƴƎ ǇƻǎǎƛōƭŜ ά¢ǊƛŀŘέ 

periods is very likely to bring additional financial benefit.  Estimated incomes from wholesale 

trade in electricity are discussed in Chapter 4.  

Triad periods by definition occur between November and February, inclusive.  To date, Triad 

periods have fallen during weekdays, and not during holidays.  This leaves approximately 78 

days over the winter during which they could occur.  They have fallen during settlement 

periods 34-37 (i.e. between 16:30 and 18:30) i.e. during a 2 hour period [170], a timescale very 

suitable for a short-duration battery to act in.   

ὔέͅύὭὲὸὩὶὨὥώίὸͅέὸὥὰρςπ (3.1) 

  

ὔέͅύὭὲὸὩὶὨὥώίὲͅέὸͅὬέὰὭὨὥώίὔέͅύὭὲὸὩὶὨὥώίὸͅέὸὥὰρπὨὥώί 

 

(3.2) 

  

ὔέͅύὭὲὸὩὶύͅὩὩὯὨὥώίὔέͅύὭὲὸὩὶὨὥώίὲͅέὸͅὬέὰὭὨὥώίᶻ
υ

χ
χψ 

 

 

(3.3) 

 

If a 1 MW battery was to be active on all of the 78 weekdays over the winter during which a 

Triad event may be declared, the average income of TNUoS avoidance, per day of activity, 

would be as shown below:  
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(3.4) 

Average daily revenues for a battery owner, based on triad avoidance over 78 days a year, are 

shown in Table 10. 

An astute battery owner, able to predict days which have greater or lesser likelihood of Triad 

occurrence, may be able to be active on fewer days (those with greatest likelihood of a Triad 

event), and thus achieve better per-day revenue.   

Any triad avoidance activity would also help reduce DUoS charges levied on a major electricity 

consumer, as described below in Section 3.5.2.  

Table 10 Annual TNUoS HH demand tariffs, and estimated average daily TNUoS avoidance revenue for a 1MW 

battery, based on 78 days activity/year, 2022/23-2024/25, selected GB TNUoS zones 

TNUoS 

Zone 

Zone 

name 

TNUoS tariffs, £ / kW demand tariff  

for half-hourly metered customers, 

applied to average Triad demand 

Average daily revenue in Triad 

avoidance, for a 1 MW battery, 

averaged over 78 days / year 

2022/23 

[171] 

2023/24 

[172] 

2024/25 

[173] 

2022/23 2023/24 2024/25 

1 Northern 

Scotland 

£27.45 £0 £0 £352 £0 £0 

2 Southern 

Scotland 

£35.47 £0 £0 £455 £0 £0 

3 Northern £44.68 £0 £0 £573 £0 £0 

8 Midlands £57.19 £3.05 £2.37 £733 £39 £30 

12 London £63.69 £4.37 £5.73 £817 £56 £74 

14 South 

Western 

£63.75 £7.65 £8.20 £817 £98 £105 

 

3.5.1.2. Embedded Export TNUoS credits 

Embedded Export Tariffs (EETs) are a form of TNUoS credit, available for some distribution-

ŎƻƴƴŜŎǘŜŘ ǎƛǘŜǎΣ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ ŎƻƴǘǊŀŎǘ ǘȅǇŜΣ ŦƻǊ ŘŜƭƛǾŜǊȅ ƻŦ ƴŜǘ ŜȄǇƻǊǘǎ ŘǳǊƛƴƎ ά¢ǊƛŀŘέ 

settlement periods.  This is a potential revenue stream for a stand-alone battery located in the 

English Midlands or South, or South Wales.  

Table 11 shows that a User eligible for EETs, and which delivers 1 MW for all of the Triad 

Settlement Periods, would accrue an annual credit of £5,000 in the Midlands (2024/25) and 

just over twice that if located in the South Western region.  
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Table 11 Annual TNUoS Embedded Export Tariffs 

TNUoS 

Zone 

Zone name TNUoS Embedded Export Tariffs, £ / kW  

(applied to average Triad export) 

 2022/23 [171] 2023/24 

[172] 

2024/25 

[173] 

1 Northern Scotland £0 £0 £0 

2 Southern Scotland £0 £0 £0 

3 Northern £0 £0 £0 

8 Midlands £2.68 £5.59 £5.09 

12 London £9.19 £6.92 £8.44 

14 South Western £9.24 £10.19 £10.91 

Using similar working to that in Section 3.5.1.1, if considering exports are necessary for 78 days 

ƛƴ ǘƘŜ ȅŜŀǊ ǘƻ ŎƻǾŜǊ ǇƻǎǎƛōƭŜ ά¢ǊƛŀŘέ ŘŀȅǎΣ ǘƘŜƴ ǘƘŜ ŀǾŜǊŀƎŜ ŎǊŜŘƛǘ ǇŜǊ Řŀȅ ǿƻǳƭŘ ǊŀƴƎŜ ŦǊƻƳ 

£0 (in the north) to around £100 / day (London) and £120 - £140  / day in the highest tariff 

zone, South Western, during 2022/23 to 2024 /25.  

3.5.2. DUoS charges and credits 

DUoS charges are collected via a combination of standing charges and time-of-use (TOU) 

tariffs.  Each DNO region has its own set of charges, within which different charges apply 

depending upon the voltage of connection, and type of user.  DUoS charges for HV and LV 

connected users are calculated by Common Distribution Charging Methodology (CDCM), as set 

out by DCUSA [62].  These charges are all generic to all similar users connected in the same 

DNO region.  Negative charges, i.e. credits, are awarded to generators.   DUoS charges for EHV-

connected users are calculated by either Long Run Incremental Cost (LRIC) or Forward Cost 

Pricing (FCP) methodologies, depending on DNO region, as set out by DCUSA in [174], [175].  

EHV DUoS charges are all specific to individual sites.  DUoS charges are currently under review 

[176]. 

3.5.2.1. HV-connected sites   

For HV-ŎƻƴƴŜŎǘŜŘ ǳǎŜǊǎΣ ǘƘŜ ¢h¦ ǘŀǊƛŦŦǎ ŀǊŜ ƛƴ ŀ ŦƻǊƳŀǘ ƻŦ άǊŜŘ ōŀƴŘέΣ άŀƳōŜǊ ōŀƴŘέ ŀƴŘ 

άƎǊŜŜƴ ōŀƴŘέ ǘŀǊƛŦŦǎΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƛƳŜǎ ƻŦ ƘƛƎƘΣ ƳŜŘƛǳƳ ŀƴŘ ƭƻǿ ƛƳǇƻǊǘ Ŧƭƻǿǎ ƻƴ 

networks.   

DNOs define the timings of the various bands, which are set over a year in advance, and do not 

ǾŀǊȅ ōȅ ǘƛƳŜ ƻŦ ȅŜŀǊΦ  !ƭƭ мп 5bh ǊŜƎƛƻƴǎ ƘŀǾŜ ŀ άǊŜŘ ōŀƴŘέ ƻŎŎǳǊǊƛƴƎ ŘǳǊƛƴƎ ƭŀǘŜ ŀŦǘŜǊƴƻƻƴ 

and early evening on weekdays; London alone has an additional red band period around 
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midday32.  The tariffs themselves vary between DNOs, and by voltage of connection and type 

of user.  For an HV-ŎƻƴƴŜŎǘŜŘ ƭŀǊƎŜ ŘŜƳŀƴŘ ǎƛǘŜ όάōŀƴŘ пέύΣ ǊŜŘ ōŀƴŘ 5¦ƻ{ ŘŜƳŀƴŘ ŎƘŀǊƎŜǎ 

are typically around a few pence per kWh.  For a stand-alone battery or other generator, or 

one at a site which can export during red-band times, the red band DUoS credits are slightly 

ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ άŀǾƻƛŘŜŘ ŎƻǎǘǎέΦ  

¢ǿƻ ǎŎŜƴŀǊƛƻǎ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ƘŜǊŜΦ  ¢ƘŜ ŦƛǊǎǘ ǎŎŜƴŀǊƛƻ ŎƻƴǎƛŘŜǊǎ ŀ ōŀǘǘŜǊȅ ƭƻŎŀǘŜŘ άōŜƘƛƴŘ ǘƘŜ 

ƳŜǘŜǊέ ŀǘ ǘƘŜ ǎƛǘŜ ƻŦ ŀ ƭŀǊƎŜ ŘŜƳŀƴŘ ǳǎŜǊΦ  ¢Ƙƛǎ ōŀǘǘŜǊȅΩǎ ŜȄǇƻǊǘǎ ŘǳǊƛƴƎ άǊŜŘ ōŀƴŘέ ǘƛƳŜǎ 

ǊŜŘǳŎŜ ǘƘŜ ŘŜƳŀƴŘ ǎƛǘŜΩǎ ŎƻƴǎǳƳǇǘƛƻƴΣ ŀƴŘ ǎƻ ǊŜŘǳŎŜ ƛǘǎ ǊŜŘ ōŀƴŘ 5¦ƻ{ charges.  In the 

second scenario, the battery is stand-alone, or part of a site which has net exports during red 

band periods.  This battery (or exporting site) receives DUoS credits for its exports during red 

band periods.  

Taking examples from two DNO regions (Southern Scotland, and London), and two years 

(2022/23, and 2024/25), red-band demand tariffs and export credits are tabulated in Table 12.  

¢Ƙƛǎ ǘŀōƭŜ ŦǳǊǘƘŜǊ ŜƴǳƳŜǊŀǘŜǎ ǇƻǎǎƛōƭŜ 5¦ƻ{ ǊŜŘ ōŀƴŘ άŎƘŀǊƎŜ ŀǾƻƛŘŀƴŎŜέ ŀƴŘ άŎǊŜŘƛǘέ ǘƘŀǘ ŀ 

1 MW battery could potentially earn, in £ / day, if exporting throughout the duration of red 

band periods.   

Overall, financial rewards of up to £100 / day during weekdays could be earned through DUoS 

red-band avoidance, and slightly more from DUoS red band exports.  In the case of London, 

rewards of up to around £200 / day (2024/25 only) would be possible if a battery could deliver 

twice in a day.  

These rewards would be in addition to any TNUoS Triad avoidance benefit, and any financial 

benefit from purchase of energy at a time of day when price is lower.  

 

 
32 In London DNO region, there are two 3-hour long red band periods on weekdays.  The time gap 
between these periods is 2 hours, during which a battery could potentially partially recharge.  
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Table 12 5¦ƻ{ άǊŜŘ ōŀƴŘέ ŘŜƳŀƴŘ ǘŀǊƛŦŦǎΣ ŜȄǇƻǊǘ ŎǊŜŘƛǘ ǘŀǊƛŦŦǎΣ ŀƴŘ ǇƻǘŜƴǘƛŀƭ Ŏƻǎǘ ǎŀǾƛƴƎǎ ϧ ƛƴŎƻƳŜǎ ŦǊƻƳ ŀ м a² 

battery.  Southern Scotland and London, 2022/23 and 2024/25. (London figures assume site is demand band 4). 

Tariffs listed at [177]ς[180] 

Tariffs and potential charges avoidance / credits 2022/23 2024/25 

Southern 

Scotland 

London Southern 

Scotland 

London 

Imports      

Red Band import tariff, p/kWh 3.029p 1.954p 3.935p 3.318p 

Imports charges, £/MWh £30.29 £19.54 £39.35 £33.18 

Import charges £/MW over 3 hour Red Band 

(Potential £/day saving) 

£90.87 £58.62 £118.05 £99.54 

Import charges £/MW over two 3 hour Red Band 

periods, London only  (Potential £/day saving) 

n/a £117.24 n/a £199.08 

Exports     

Red band export credit tariff, p/kWh 3.601 2.954 4.687 3.787 

Export credits, £/MWh  £36.01 £29.54 £46.87 £37.87 

Export credits £/MW for delivery over 3-hour Red 

Band period (Potential £/day income) 

£108.03 £88.62 £140.61 £113.61 

Export credits £/MW over two 3-hour Red Band 

periods, London only (Potential £/day income) 

n/a £177.24 n/a £227.22 

 

3.5.2.2. EHV-connected sites 

EHV33-ŎƻƴƴŜŎǘŜŘ ŎǳǎǘƻƳŜǊǎ ƘŀǾŜ ōŜǎǇƻƪŜ ǘŀǊƛŦŦǎΣ ōŀǎŜŘ ǳǇƻƴ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ǎƛǘŜΩǎ ƛƳǇƻǊǘǎ 

and exports would have on EHV network flows, and the expected number of years before 

network reinforcement would be required, as set out by DCUSA in [174], [175].  

5bhǎ ŘŜŦƛƴŜ ŀ άǎǳǇŜǊ ǊŜŘ ōŀƴŘέ ǘƛƳŜΣ ŘǳǊƛƴƎ ǿƘƛŎƘ ƘƛƎƘ ŎƘŀǊƎŜǎ Ƴŀȅ ŀǇǇƭȅ ǘƻ 9I±-

ŎƻƴƴŜŎǘŜŜǎΦ  ¢ƘŜ άǎǳǇŜǊ ǊŜŘ ōŀƴŘέ ǘƛƳŜ ƛǎ ǘƘŜ ǎŀƳŜ ƻǊ ŎƭƻǎŜ ǘƻ ǘƘŜ ǘƛƳŜ ƻŦ άǊŜŘ ōŀƴŘέ ŎƘŀǊƎŜǎ 

that apply to HV and LV connected customers.  

EHV DUoS charges for demand users are generally considerably lower than those borne by HV-

connected customers.  In the two regions examined, the EHV super red band charges applied 

to most demand customers are minimal (< 0.2 pence / kWh) or zero.  Some EHV generation 

sites are awarded credits for exports during Super Red Band periods,  though for the majority 

of sites these credits are zero.  The ranges of Super Red Band demand tariffs and export credits 

 
33 Extra-High Voltage, being a nominal voltage of more than 22kV [284] (within Distribution, not 
Transmission, networks) 



87 
 

for EHV customers in London and Southern Scotland, in years 2022/23 and 2024/25 are 

tabulated Table 13, as examples.  

Table 13 Range of EHV site-ǎǇŜŎƛŦƛŎ ά{ǳǇŜǊ wŜŘ .ŀƴŘέ 5¦ƻ{ ƛƳǇƻǊǘ ǘŀǊƛŦŦǎΣ ŜȄǇƻǊǘ ŎǊŜŘƛǘǎΣ ŀƴŘ ǇƻǘŜƴǘƛŀƭ Řŀƛƭȅ 

incomes for a 1MW battery. S. Scotland and London, 2022/23 and 2024/25. Tariffs listed at [177]ς[180] 

EHV Super Red Band tariffs for imports and 

credits for exports, and potential daily 

charges avoidance & credits 

Range 2022/23 2024/25 

Southern 

Scotland 

London Southern 

Scotland 

London 

Imports       

Super Red Band import tariff, p/kWh Lowest 0p 0p 0p 0p 

Highest 0.2p 4p 2.863p 1.04p 

Number of sites with import tariffs > 1p/kWh -   0 2 2 1 

Imports charges, £/MWh  Lowest £0 £0 £0 £0 

Highest £2.00 £40.00 £28.63 £10.40 

Import charges £/MW over 3 hour Super 

Red Band (Potential £/day saving) 

Lowest £0 £0 £0 £0 

Highest £6.00 £120.00 £85.89 £31.20 

Import charges £/MW over two 3 hour Super 

Red Band periods, London only.  (Potential 

£/day saving) 

Lowest n/a £0 n/a £0 

Highest n/a £240.00 n/a £62.40 

Exports      

Super red band export credit tariff, p/kWh Lowest 0p 0p 0p 0p 

Highest 1.274 0.06 4.907 0.105 

Number of sites with export credit tariffs > 

1p/kWh 

 1 0 3 0 

Export credits, £/MWh  Lowest £0 £0 £0 £0 

Highest £12.74 £0.60 £49.07 £1.05 

Export credits £/MW for delivery over 3-

hour Super Red Band period (Potential 

£/day income) 

Lowest £0 £0 £0 £0 

Highest  £38.22 £1.80 £147.21 £3.15 

Export credits £/MW over two 3-hour Super 

Red Band periods, London only (Potential 

£/day income) 

Lowest n/a £0 n/a £0 

Highest  n/a £3.60 n/a £6.30 

 

Thus, with few exceptions, an EHV-connected battery, whether on a demand-site or stand-

alone, has much less scope than a battery connected at HV level, for accruing significant 

revenue through DUoS charges avoidance, or DUoS generation credits, than at HV level.  

However, for a small number of sites, daily incomes could exceed £100 for a 1 MW battery.  
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3.6. DSO Flexibility Services 

3.6.1. 5ŜŦƛƴƛǘƛƻƴǎ ƻŦ ά5bhέ ŀƴŘ ά5{hέ  

¢ƘŜ ŜƴŜǊƎȅ ƴŜǘǿƻǊƪǎΩ ǘǊŀŘŜ ŀǎǎƻŎƛŀǘƛƻƴ ǘƘŜ 9ƴŜǊƎȅ bŜǘǿƻǊƪǎ !ǎǎƻŎƛŀǘƛƻƴ όǘƘŜ 9b!ύ ǿǊƻǘŜ ƛƴ 

[181]: ά5ƛǎǘǊƛōǳǘƛƻƴ bŜǘǿƻǊƪ hǇŜǊŀǘƻǊǎ ό5bhǎύ ŀǊŜ ǊŜƎǳƭŀǘŜŘ ŜƴǘƛǘƛŜǎ ǘƘŀǘ ƻǿƴ ŀƴŘ ƻǇŜǊŀǘŜ 

electricity distribution networks over a defined geographic area. Historically these networks 

have been passive in nature, but with increasing volumes of [Distributed Energy resources, 

(DER)] they are becoming increasingly active. This together with smart grid technologies is 

creating opportunities for DNOs to realise consumer value and develop SO functions and 

ōŜŎƻƳŜ ŀ 5ƛǎǘǊƛōǳǘƛƻƴ {ȅǎǘŜƳ hǇŜǊŀǘƻǊ ό5{hύΦέ  

In [182], the ENA defines DNOs as follows:  

ά5ƛǎǘǊƛōǳǘƛƻƴ bŜǘǿƻǊƪ hǇŜǊŀǘƻǊǎ όDNOs) own, operate and maintain the distribution networks. 

They do not sell electricity to consumers, this is done by the electricity suppliers. There are 14 

licensed DNOs in Britain, and each is responsible for a regional distribution services area.έ 

A Distribution System Operator (DSO) role is as an evolution of the DNO role, in increasingly 

active distribution networks.  In the above document, the ENA defines a DSO as follows:   

άA Distribution System Operator (DSO) has a role to monitor, control and actively manage the 

power flows on the distribution system to maintain a safe, secure and reliable electricity 

supply.έ 

άAs a neutral facilitator of an open and accessible market for network services, a DSO will 

enable competitive access to markets and the optimal use of [Distributed Energy Resources,] 

DER on distribution networks to deliver security, sustainability and affordability in the support 

of whole system optimisation. A DSO enables customers to be producers, consumers and 

storers of energy, enabling customer access to networks and markets, customer choice and 

great customer service.έ 

Lƴ ǇǊŀŎǘƛŎŜΣ ǘƘŜ ǘŜǊƳǎ ά5bhέ ŀƴŘ ά5{hέ ǘŜƴŘ ǘƻ ōŜ ǳǎŜŘ ƛƴǘŜǊŎƘŀƴƎŜŀōƭȅ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ 

distribution network owners / operators, with increasing responsibilities to actively manage 

their networks.  
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3.6.2. Actions of DNOs/ DSOs 

DNO / DSOs are expected to investigate procuring flexibility as an alternative to network 

reinforcement [183], or an activity to manage a network capacity constraint, while a 

reinforcement is planned but cannot be done straight away.  

For example, SP Energy Networks (SPEN), which owns and operates two license areas, SP 

Manweb (SPM) in north west England and North Wales, and SP Distribution (SPD) in southern 

Scotland, had its first flexibility tenders in 2019, all in its SPM area, and procured 53 MW of 

flexibility capacity [184].    All tenders were long term, for at least several months. Volumes are 

tabulated in Chapter 3 Annex 8,  

Table 78.  

ά{ǘƻǊŜŘ ŜƴŜǊƎȅέ ŀǎǎŜǘǎΣ ǇǊŜǎǳƳŜŘ ǘƻ ōŜ ōŀǘǘŜǊƛŜǎΣ ǿŜǊŜ ŀƳƻƴƎ ǘŜƴŘŜǊ ǇŀǊǘƛŎƛǇŀƴǘǎ ƛƴ ǘŜƴŘŜǊǎ 

for all delivery years from 2021/22 onwards [185].  Most of their were unsuccessful: most 

successful providers were fossil gas or demand.  However, batteries were contracted to 

ǇǊƻǾƛŘŜ пΦт a² ƻŦ ά5ȅƴŀƳƛŎέ ǎŜǊǾƛŎŜΣ ŀǘ /ƻƴƴŀƘΩǎ vǳŀȅ ƛƴ bƻǊǘƘ ²ŀƭŜǎΣ ƻǾŜǊ ǿƛƴǘŜǊ нлнмκннΣ 

ŀƴŘ лΦн a² ƻŦ ά{ŜŎǳǊŜέ ǎŜǊǾƛŎŜ ŀǘ YŀƛƳŜǎ ƛƴ {t5 ŀǊŜŀ ƻǾŜǊ ǿƛƴǘŜǊ нлнпκнрΣ ǿƘƻƭŜ ȅŜŀǊ 

2025/26, winter 26/27, and winter 27/28.  A further 0.1 MW of stored energy was contacted 

ǘƻ ǇǊƻǾƛŘŜ ǘƘŜ ά{ŜŎǳǊŜέ ǎŜǊǾƛŎŜ ƻǾŜǊ ǿƛƴǘŜǊ нлнтκну ŀǘ CƛŘŘƭŜǊǎ CŜǊǊȅ ƛƴ aŀƴǿŜō ŀǊŜŀΦ  Lƴ ŀƭƭ 

cases, service windows were in late afternoons and evenings.  Required delivery durations and 

ǊŜǎǇƻƴǎŜ ǘƛƳŜǎ ƛƴ Ƴƻǎǘ ŎŀǎŜǎ ǿŜǊŜ м ƘƻǳǊ κ мр ƳƛƴǳǘŜǎΣ ǿƛǘƘ ǘƘŜ /ƻƴƴŀƘΩǎ vǳŀȅ нлнмκнн 

offering requiring 3 hours provision responding within 15 minutes.  Availability prices for 

batteries ranged from £5 /MW/hr to £270/MW/hr.  Projected daily revenues, based on 

availability prices and agreed service windows, ranged from £16.50 / MW/day on weekdays 

only for winter 2021/2022, up to £625 /MW/day (every day), for winters 2026/27 and 

2027/28.  Bespoke utilisation prices were also agreed in the tenders, which ranged from £28 - 

£400 / MWh.  Results are tabulated in Chapter 3 Annex 8 Table 79.   

Regarding the year 2022-2023, which is studied in greater detail in the following chapters, in 

these two DNO areas, contracts for just under 30 MW of flexible capacity were awarded, at 2 

sites in SPM area, all to fossil gas providers.   Around one third of the capacity accepted was for 

long delivery durations, 10 hours, which commercial batteries are currently unable to offer at 

full power.  Availability prices were modest, at zero to £5 / MW/ hour for short-duration 

offerings, and up to £40 / MW / hour for longer-duration offerings; utilisation prices of £100 - 

£1000 / MWh were agreed.  These results are tabulated in Chapter 3 Annex 8 Table 80.  



90 
 

Almost 8 MW of batteries in SPD area, and 43 MW in SPM area, offered flexibility services for 

year 2022-23, in bids which were either unsuccessful or later withdrawn by the provider.   

These results are tabulated in Chapter 3 Annex 8 Table 81.  For the following two years, very 

limited volumes of flexibility capacity were procured (22 and 56 MW), respectively, in total 

across both licence areas), but it was procured at many locations, with availability prices for a 

few small providers exceeding £1000/ MW day, as shown in Chapter 3 Annex 8 Table 82.  

Reasons for flexibility not ōŜƛƴƎ ŎƻƴǘǊŀŎǘŜŘΣ ǊŜǇƻǊǘŜŘ ōȅ {t9bΣ ƛƴŎƭǳŘŜΥ άōƛŘ ǳƴŜŎƻƴƻƳƛŎέΣ 

άƛƴǘŜǊƛƳ ǎŜǊǾƛŎŜǎ ƴƻ ƭƻƴƎŜǊ ǊŜǉǳƛǊŜŘέΣ ŀƴŘ άƛƴǎǳŦŦƛŎƛŜƴǘ ŎŀǇŀŎƛǘȅ ƻŦŦŜǊŜŘέΦ  bƻ ǘŜƴŘŜǊǎ ǿŜǊŜ 

held in 2022, but SPEN expressed an expectation of running tenders from 2023 onwards [184].    

In short, during 2022, there was limited opportunity for batteries to accrue significant, or 

indeed any income from provision of DSO flexibility services.  Opportunities were dependent 

on location and the price at which the DNO / DSO was prepared to accept bids, as well as 

competition from other types of provider.  However, much increased procurement of DSO 

flexibility services is expected in the coming few years.  Much higher prices have been agreed 

for service delivery during 2024/5-2027/28, albeit at small volumes.  Opportunities are 

therefore likely to increase.  

As stated in Chapter 2, the literature reports mixed results regarding projected effectiveness 

and cost-effectiveness (or otherwise) of using storage as an alternative to reinforcement; 

however there are some clear cases e.g. [73] where energy storage would be a useful to 

manage a constraint pending reinforcement.  However, the temporary nature of such a use 

may be a barrier to a storage unit having a viable business case.  Relocatable energy storage 

units ς the subject of a little academic interest (as described in Chapter 2) - may be an option 

in such circumstances, if a practical and economic relocatable solution could be built and made 

to work.   

3.7. What would a battery do? Summary and concluding remarks 

Potential incomes a battery could earn from the activities selected here are summarised in 

Table 14.
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Table 14 Potential income of a 1 MW battery ς alternative revenue streams 

Type of 

Service or 

activity 

 

Service / 

activity 

Unit  Notes Can conduct 

simultaneously 

with wholesale 

trades?  

Battery 

duration 

Potential revenues 

 

 

2022/2023 2023/2024 2024/2025 

Frequency 

response  

Most lucrative 

service  

(usually DC) 

Average 
£ per day 

 No 34 ~ 1 hour 
duration 
for fastest 
services.  

> £800 (May / 

Jun); ~ £200-300 

Nov/Dec  

Not 
enumerated.   

Not 
enumerated.   

Reserve 

services 

Not specified   No Longer 

duration 

Not 
enumerated.   

Not 
enumerated.   

Not 
enumerated.   

Wholesale 

trades 

Wholesale 

trades 

  n/a 1 
Settlement 
Period 
(0.5hr) 

Calculated in 

Chapter 4 

Not calculated Not calculated.   

Balancing 

Mechanism 

Balancing 

Mechanism 

  Yes 35 1 
Settlement 
Period 
(0.5hr) 

Not enumerated Not 
enumerated.   

Not 
enumerated.   

Capacity 

Market  

Capacity Market  £ / day, over 

the year (or 

length of 

contract) 

Prices varied 

between 

individual CM 

auctions 

yes 
 
 

1 hour  £4 - £53/day £9 to £31/  day  Not 

enumerated.   

2 hour  £8 - £104 / day £18-£61/day  Not 

enumerated.   

4 hour  £12 - £154 / day £29-£102/day  Not 

enumerated.   

 
34 A provider cannot offer frequency response or reserve services using the same MW of capacity which it is using for wholesale trades at the same time.  However, a 
provider could offer part of its capacity for different activities or services simultaneously.  It could also change between different services or activities within the same day.  
35 Any BM instructions from the ESO take precedence over wholesale trading activity, and are compensated at the pre-agreed price.   
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Type of 

Service or 

activity 

 

Service / activity Unit  Notes Can conduct 

simultaneously 

with wholesale 

trades?  

Battery 

duration 

Potential revenues 

 

 

2022/2023 2023/2024 2024/2025 

TNUoS  

 

 

Avoidance of 

demand TNUoS 

charges 

£ / day 36,  Applicable to 

άōŜƘƛƴŘ ǘƘŜ 

ƳŜǘŜǊέ ōŀǘǘŜǊƛŜǎ 

yes 

 

~ 2 hours 37  £352 (N 

Scotland) - £817 

(SW England)  

£0 (Scotland, N. 

Eng. & N Wales) 

- £98 (SW Eng.)  

£0 (Scotland, N.  

Eng. & N Wales) 

- £105 (SW 

Eng.)  

Embedded 

export TNUoS 

credits 

 

Applicable to 

DN-connected 

generators 

£0 (Scotland, N. 

Eng. & N Wales) 

- £118 (SW Eng.) 

£0 (Scotland, N. 

Eng. & N Wales) 

- £131 (SW 

Eng.) 

£0 (Scotland, N. 

Eng. & N Wales) 

- £140 (SW 

Eng.) 

 

 
36 £/day, averaged over 78 winter weekdays excluding holidays 
37 Likely to be necessary to cover all likely Triad SPs 
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Type of 

Service or 

activity 

 

Service / activity Unit  Notes Can conduct 

simultaneously 

with wholesale 

trades?  

Battery 

duration 

Potential revenues 
 

 

2022/2023 2023/2024 2024/2025 

DUoS,  

HV-

connected 

sites.   

 

5¦ƻ{ άǊŜŘ ōŀƴŘέ 

demand charges 

avoidance 

£ / day  

(all  

year) 

Applicable to 

άōŜƘƛƴŘ ǘƘŜ 

ƳŜǘŜǊέ ōŀǘǘŜǊƛŜǎ 

yes 3 hours £59 (London);  

£91 (S. Scotland) 

Not 

enumerated.   

£100 (London) 

£118 (S. Scot) 

yes ~ 5 or 6 

hrs38, 

London only  

£117 (London 

only) 

Not 

enumerated.   

£199 (London 

only) 

5¦ƻ{ άǊŜŘ ōŀƴŘέ 

export credits ς 

HV-connected 

sites 

Applicable to HV-

connected 

generators / 

exporting sites 

yes 3 hours £89 (London),  

£108 (S Scotland) 

Not 

enumerated.   

£114 (London), 

£141 (S. Scot) 

yes ~ 5 or 6 hrs 

London only 

£177 (London 

only) 

Not 

enumerated.   

£227 (London 

only) 

DUoS ς 

EHV-

connected 

sites 

5¦ƻ{ άǎǳǇŜǊ ǊŜŘ 

ōŀƴŘέ ŘŜƳŀƴŘ 

charges 

avoidance 

£ / day  

(all year)  

All tariffs are site 

specific.  Most are 

zero or near zero.  

Applicable to 

άōŜƘƛƴŘ ǘƘŜ 

ƳŜǘŜǊέ ōŀǘǘŜǊƛŜǎ 

yes 3 hours 

(London 

only, 5 or 6 

hours) 

Zero up to 

£91/day (S 

Scotland. 

(Up to £117/day 

in London if can 

export for 6 hrs) 

Not 

enumerated.   

Zero up to £118 

/ day, S. Scot. 

(Up to £199/day 

in London if can 

export for 6 

hours) 

5¦ƻ{ ά{ǳǇŜǊ wŜŘ 

.ŀƴŘέ ŜȄǇƻǊǘ 

credit tariffs 

£ / day  

(all year) 

All tariffs are site 

specific.  Most are 

zero or near zero. 

Applicable to EHV-

connected 

generators / 

exporting sites 

yes 3 hours 

(London 

only, 5 or 6 

hours) 

Zero up to 

£108/day (S 

Scotland). 

(£177/day in 

London if can 

export for 6 hrs) 

 

Not enumerated   Zero up to 

£141/day (S. 

Scotland).  

(Up to £227/day 

in London if can 

export for 6 hrs) 

 

 
38 Able to operate for two 3-hour red band periods in a day, with limited (2-hour) time in between, during which some recharging may be possible 
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Type of 

Service or 

activity 

 

Service / 

activity 

Unit  Notes Can conduct 

simultaneously 

with wholesale 

trades?  

Battery 

duration 

Potential revenues 

 

 

2022/2023 2023/2024 2024/2025 

DSO 

Flexibility 

services 

Bespoke by 

DNO 

Could be 

utilisation 

or 

availability  

Services bespoke 

to the DNO and 

locality 

Probably not  Bespoke to 

service 

Within SPEN 

areas:  

 

Successful bids ς 

30 MW across 2 

locations, all gas 

providers.  

 

£0-£20/day 

availability, with 

utilisation fees of 

£400-1000/MWh.  

Within SPEN areas:  

Successful 

participants, 22 

MW across many 

locations, all 

demand or fossil 

gas, some with 

storage (battery / 

hydro) as a 

secondary 

technology.   

 

Availability 

payments £0 - 

£270/MW/day, 

some exceeding 

£1000 / MW/ day.   

 

Utilisation 

payments £30-

£500/MWh 

Within SPEN areas:  

Successful 

participants, 52 MW 

across many locations, 

mix of demand, fossil 

gas and storage 

providers.   

 

Availability payments 

£0 - £270/MW/day, 

some exceeding £1000 

/ MW/ day.   

 

Utilisation payments 

£28-£800/MWh.  

Among providers, an 

estimated £210 / day 

availability price, over 

the winter, awarded 

to a battery at one 

location.  
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Good potential revenues were to be made from frequency response services, over £800/ day 

in early summer 2022.  Potential revenues fell towards the end of 2022, to around £200-300 / 

day, though higher prices occurred on some occasions.  

Some batteries, large enough to be registered as stand-alone participants in the BM 39  40, were 

active in conducting wholesale trades, potential revenues from which are investigated in the 

following chapter.  Potentially significant income could be made from BM activity, though it is 

the ESO which selects providers.  BM activity among batteries during 2022 was much less 

frequent than wholesale trades.   

Some batteries were awarded CM contracts, which provide a small but regular additional 

ǊŜǾŜƴǳŜ ǎǘǊŜŀƳΦ  {ǳŎƘ ŎƻƴǘǊŀŎǘǎ ǿƛƭƭ ƻƴƭȅ ƻŎŎŀǎƛƻƴŀƭƭȅ ŀŦŦŜŎǘ ōŀǘǘŜǊƛŜǎΩ ŀŎǘƛƻƴǎ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ 

exceptional instances of a CM notice period, and even then, batteries engaging in ancillary 

services such as frequency response, or balancing actions, will be exempt from further actions.  

Any CM period would inevitably be accompanied by very high wholesale trading prices, 

conditions which would strongly encourage exports, whether or not bound to do so by CM 

contracts.   

DUoS credits for distribution-connected batteries (not behind the meter) could reward HV-

connected batteries for exports during afternoon / evening peak times by around £100 / day.  

DUoS rewards for EHV-connected batteries are likely to be lower or zero.  If located in 

southern Britain only, the batteries may also be eligible for Embedded Export Tariffs TNUoS 

credits, for exports at the same time of day during the winter, potentially accruing up to an 

additional £100 / MW / day over the winter months, depending on location.   

.ŀǘǘŜǊƛŜǎ ƭƻŎŀǘŜŘ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέΣ ǎƘŀǊƛƴƎ ŀ metering point 41 with a large electrical 

demand site, could accrue similar revenues from a combination of avoidance of DUoS, and, in 

ǎƻǳǘƘŜǊƴ 9ƴƎƭŀƴŘ ŀƴŘ {ƻǳǘƘ ²ŀƭŜǎΣ ŀǾƻƛŘŀƴŎŜ ƻŦ ¢b¦ƻ{ ά¢ǊƛŀŘέ ŘŜƳŀƴŘ ŎƘŀǊƎŜǎΦ  5ǳǊƛƴƎ 

нлннκно ŀƴŘ ǇǊŜǾƛƻǳǎ ȅŜŀǊǎΣ ¢b¦ƻ{ ŎƘŀǊƎŜǎ ŀǾƻƛŘŀƴŎŜ όά¢ǊƛŀŘ ŀǾƻƛŘŀƴŎŜέύ ōŜƴŜŦƛǘǎ ǿŜǊŜ ŦŀǊ 

higher, around £300-улл κ a²κ Řŀȅ όƻǾŜǊ ту Řŀȅǎκ ȅŜŀǊ ƻŦ ŀŎǘƛǾƛǘȅ ƻǾŜǊ ǘƘŜ ǿƛƴǘŜǊύΤ ά¢ǊƛŀŘ 

 
39 i.e. Balancing Mechanism Units, BMUs.  BMUs conduct trades and submit their own prices for bids 
and offers.  They have their own identifiers and their actions are recorded in BM data.  
40 Smaller assets can also participate indirectly within the BM, for example via aggregators, without 
registering as BMUs; they would be in contract with a third party (e.g. aggregator).  BM data would 
identify the actions of the third party (e.g. aggregator) only.  
41 More precisely, a Metering Point Administration Number (MPAN), which is a unique identifier for a 
ŎǳǎǘƻƳŜǊΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ƳŜǘŜǊΦ  
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ŎƘŀǊƎŜǎέ ŦŜƭƭ ǎƘŀǊǇƭȅΣ ǘƻ ƭŜǾŜƭǎ ǎƛƳƛƭŀǊ ǘƻ 9ƳōŜŘŘŜŘ 9ȄǇƻǊǘǎ ¢ŀǊƛŦŦǎ ŦǊƻƳ нлноκнпΦ  .ŜǎƛŘŜǎ 

DUoS / TNUoS credits, batteries could engage in other activities, especially at weekends or any 

other days when DUoS / TNUoS credits or charges avoidance do not apply or are unlikely.  

Behind the meter location of batteries may complicate engagement in some other activities.  

Opportunities for revenues from DSO flexibility services were extremely limited in 2022, and 

prices were modest.  However, demands and prices for these services have risen the last few 

years.  

In short, there are several potential revenue streams which are realistic for GB batteries, and 

many engage in multiple activities [112].  

The constraints of the PhD do not allow in-depth exploration of all options.  The rest of this 

PhD thesis concentrates on one of the activities, wholesale trades, as it is expected that 

significant volumes of battery capacity will continue to engage in this activity.  This expectation 

is based on several reasons:  

¶ Wholesale trading was among the activities that numerous real grid-connected 

batteries engaged in during 2022. 

¶ 2022 was the first year during which the battery storage industry reported wholesale 

trades became financially competitive with frequency response, citing connection of 

ƎǊŜŀǘŜǊ ƴǳƳōŜǊǎ ƻŦ ōŀǘǘŜǊƛŜǎ ŎŀǳǎƛƴƎ άǎŀǘǳǊŀǘŜŘ ƳŀǊƪŜǘǎέ ŀƴŘ ƭƻǿŜǊ ŎƭŜŀǊƛƴƎ ǇǊƛŎŜǎ ŦƻǊ 

ancillary services.   

¶ Increasing numbers of battery connections would appear to make this situation seen 

as likely to continue beyond 2022.   

¶ Given the enormous quantity of connection requests from batteries, whenever 

aggregate available battery capacity will exceed that required for grid services, 

wholesale trades is a revenue-accruing activity which the remaining batteries would be 

allowed to engage in. 

Furthermore,  

¶ Wholesale trades may be conducted with the same battery capacity used  

o for network use of system credits, whenever patterns of wholesale prices 

coincide with those of network charges.  

o For Capacity Market availability payments, unless a (likely to be rare) Capacity 

Market event requires their deployment 
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The following chapter (Chapter 4) investigates potential revenues a battery may accrue from 

engagement in wholesale trades, and what patterns of activity would be likely.    Later 

ŎƘŀǇǘŜǊǎ ŜȄǇƭƻǊŜ ǇƻǘŜƴǘƛŀƭ ŜŦŦŜŎǘǎ ōŀǘǘŜǊƛŜǎΩ ŜƴƎŀƎŜƳŜƴǘ ƛƴ ǿƘƻƭŜǎŀƭŜ ǘǊŀŘŜǎ could have on 

network congestion at Transmission level (Chapter 5) and Distribution level (in Chapter 6).  
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4. Chapter 4.  Battery wholesale trades: simulation methodology 

and results 

Chapter summary 

This chapter describes an agent-based model that was created to simulate the actions of an 

economically rational battery, engaged in wholesale trades, to explore ǘƘŜ ōŀǘǘŜǊȅΩǎ possible 

interactions with other network users and any impacts on network congestion.  This work 

assumes that the battery is privately owned and its owner is intent on maximising overall net 

income from energy trades.   Battery activity was simulated for three 5-week case study 

periods in 2022 όάǎǳƳƳŜǊέΣ άŀǳǘǳƳƴέ ŀƴŘ άǿƛƴǘŜǊέύ, using real wholesale price data from the 

Nordpool Day Ahead platform.  Results suggest that a 1MW / 2 MWh, with 85% round-trip 

efficiency, intended to represent a lithium ion or similar battery, could accrue average overall 

daily net revenues from energy trades of betwŜŜƴ ϻмрт όƛƴ άǎǳƳƳŜǊέύ ǘƻ ϻорп όƛƴ άǿƛƴǘŜǊέύΦ  

The above simulated battery tended to engage in two daily trades most days during  the 

άǎǳƳƳŜǊέ ŀƴŘ άŀǳǘǳƳƴέ ŎŀǎŜ ǎǘǳŘƛŜǎΣ ŀƴŘ ƻƴŜ Řŀƛƭȅ ǘǊŀŘŜ Ƴƻǎǘ Řŀȅǎ ƻŦ ǘƘŜ άǿƛƴǘŜǊέ ŎŀǎŜ 

study.  The times of day of trades were fairly consistent, with early evening exports and night 

time imports, and in summer and autumn, an additional morning export and midday import on 

many days.  This diurnal pattern of behaviour was also found for batteries of durations 1-4 

hours, and of 12 hours duration (70% round trip efficiency), intended to represent a flow 

battery.  However, the longer duration battery had very different timeseries of activity to 

batteries of shorter duration, with many days of inactivity.  Batteries of 1 and 2 hours duration 

had the highest overall net incomes per MWh of battery capacity.  

Simulated battery activity was compared to that of 23 real BMU batteries active during 2022, 

described in the previous chapter.  Though there were differences in behaviour between 

batteries, diurnal patterns of behaviour between simulated and real batteries were broadly 

similar.  In every case study season, there were examples of real batteries displaying similarly-

timed imports and exports as those of a simulated 2-hour battery.  It was concluded that the 

battery simulations are close enough to the actions of enough real batteries to validate this 

model.  The chapter ends with a discussion of the strengths and limitations of the battery 

model, ŀƴŘ ŎƻƴŎƭǳŘŜǎ ǘƘŀǘ ǘƘŜ ƳƻŘŜƭΩǎ ƻǳǘǇǳǘǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƛƴŦƻǊƳ ƛƴǘŜǊŜǎǘŜŘ ǎǘŀƪŜƘƻƭŘŜǊǎ 

of examples of likely behaviour of rational batteries engaged in wholesale trades.  
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Finally, potential incomes from wholesale trades were compared to other activities a battery 

could engage in, enumerated in Chapter 5.  Potential overall net incomes from wholesale 

trades compare fairly favourably with those of other activities during the autumn and winter 

case studies of 2022, and could be accrued in addition to incomes from Capacity Market, for 

successful participants, and potentially also Use of System network credits.  During the 

summer case study period, higher incomes could be gained from frequency response services, 

though wholesale trades would be a realistic revenue stream for any batteries unable to 

provide such services.  It was concluded that wholesale trading, as a sole activity, or in 

combination with other activities, was a viable option during 2022, particularly during the 

άŀǳǘǳƳƴέ ŀƴŘ άǿƛƴǘŜǊέ ŎŀǎŜ ǎǘǳŘȅ ǇŜǊƛƻŘǎΣ ŀƴŘ ŀƭǎƻ ƻƴŜ ǿƘƛŎƘ ŀ ƴǳƳōŜǊ ƻŦ ǊŜŀƭ ōŀǘǘŜǊƛŜǎ ƘŀŘ 

engaged in.    

Outputs from this chapter are used in analysis in later chapters into the likely effect of battery 

trading activity on electricity network congestion at both Transmission and Distribution level, 

using case studies of and within Scotland.  

4.1. Chapter introduction and aims  

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǿƻǊƪ ƛǎ ǘƻ ǎƛƳǳƭŀǘŜ ŀŎǘƛƻƴǎ ǘƘŀǘ ŀ άǊŀǘƛƻƴŀƭ ōŀǘǘŜǊȅέ would do, in a GB context, 

if engaged in wholesale trades.  In particular, it seeks to understand likely power flows from 

battery at any given point in time, in order that such flows can be considered together with 

actions of other electrical networks users, and potential effects on network congestion 

surmised. 

A model to this end is constructed.   

Lƴ ǘƘƛǎ ǿƻǊƪΣ ŀ άǊŀǘƛƻƴŀƭ ōŀǘǘŜǊȅέ in a GB context is defined as being independently owned, and 

having an owner or controller which is taking economically rational decisions, with the intent 

of maximising overall revenue 42.  It is assumed that the battery owner / controller has timely 

access to at least some information about forthcoming wholesale spot prices (a matter 

elaborated later in this chapter), and the facility to use such information in directing battery 

energy flows.   

This chapter also seeks to investigate the financially viability of wholesale trades, compared to 

other activities a battery might undertake, as described in the previous chapter, to surmise if 

 
42 The relevance of battery ownership to its patterns of activity has been discussed in Section 2.3 and 
2.4.  Chapter 3 is entirely in the context of independently owned battery in GB.  
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this is a realistic option for batteries.  This chapter seeks to refer to actions of real batteries, as 

described in Chapter 3, for validation.   

4.2. Review of approaches to battery simulation 

There is a large body of literature describing approaches to the modelling of batteries and 

other types of energy storage, and their behaviour in electrical power systems.  

Regarding model formulation, many studies on behaviour of storage and other flexible energy 

resources on electrical power system use optimisation algorithms [186], with objectives such 

as maximising income for a storage asset engaged in arbitrage [187], or integration of 

renewable energy and storage assets in a residential setting [188], microgrid [189], or regional 

power system [190], at lowest operational or system cost.  

A different approach to modelling the behaviour of energy storage assets is agent-based 

modelling.  The application of agent-based simulation of actions of various users or assets 

which connect to or form part of an electrical power system (e.g. generators, consumers, 

storage assets), is established in both a microgrid setting, and also in a deregulated power 

market [191].  An early example of the latter was an investigation into potential outcomes of 

the New Energy Trading Arrangements in England and Wales, at around the time of their 

introduction, in 2000 [192].  More recent examples of agent-based modelling investigate flows 

of electrical power and money within local communities in which there are local renewable 

energy assets, consumers, prosumers and energy storage [193]ς[195].  

In [196], Ma and Nakamori investigated different approaches to simulation of long-term 

changes in generation mix of a simplified electrical power system.  They compared the use of 

ƻǇǘƛƳƛǎŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳǎΣ ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ άŜƴŘƻƎŜƴƻǳǎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜέ ŦǳƴŎǘƛƻƴality, 

with each other and with a simple agent-based model, and concluded that all approaches had 

advantages and limitations.  The authors remark that άƻǇǘƛƳƛȊŀǘƛƻƴ ƳƻŘŜƭǎ Ŏŀƴ ǘŜƭƭ ǳǎ ΨǿƘŀǘ 

ǎƘƻǳƭŘ ōŜΩ ƛƴ ǘŜǊƳǎ ƻŦ ǊŜŀŎƘƛƴƎ ǎƻƳŜ ƻōƧŜŎǘƛǾŜΦΦΦ ǿƘƛƭŜ ǎŀǘƛǎŦȅƛƴƎΧ ŎƻƴǎǘǊŀƛƴǘǎέΣ ǿƘŜǊŜŀǎ 

άagent-ōŀǎŜŘ ƳƻŘŜƭǎ Ŏŀƴ ǘŜƭƭ ǳǎŜ ΨǿƘŀǘ ŎƻǳƭŘ ōŜΩ ǳƴŘŜǊ ǾŀǊƛƻǳǎ ŀǎǎǳƳǇǘƛƻƴǎέΦ  ¢ƘŜ ŀǳǘƘƻǊǎ 

suggest that the more suitable modelling approach for a piece of work would depend on the 

purpose of the decision-making, and that these modelling approaches should be viewed as 

complementary in furthering understanding of energy systems.  Numerous works, such as 

[197], [198], indeed combine agent-based methods with optimisation in investigating 

behaviour of energy storage on electrical power systems.   
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Aside from model formulation, there is a question of the appropriate level of detail with which 

to model the behaviour of the storage asset.  From a power systems perspective, an idealised 

approach to modelling a storage asset on an electrical network, would describe the asset as a 

technologically-ƴŜǳǘǊŀƭ άōƭŀŎƪ ōƻȄέΣ ǿƘƛŎƘ Ŏŀƴ ŘŜƭƛǾŜǊ ŜƴŜǊƎȅ ŀƴŘ ǊŜŎƘŀǊƎŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ŦƛȄŜŘ 

parameters, with a nominal efficiency, and potentially standing losses.  Vykhodtsev et al in 

their review of approaches to modelling of lithium ion battery storage [186], describe the 

άōƭŀŎƪ ōƻȄέ όǇƻǿŜǊ-energy) model as the most widely used approach, such as in [199], but 

describe limitations of this approach.  These authors, and Mao et al [200] describe three 

general paradigms for modelling of lithium batteries, and storage more generally, respectively, 

in analyses of power systems, which are summarised in Table 15.   

Vykhodtsev et al [186] ŘŜǎŎǊƛōŜ ŀ ƎŜƴŜǊƛŎ άǇƻǿŜǊ-ŜƴŜǊƎȅ ƳƻŘŜƭ ά ŀǎ ōŜƛƴƎ ŘŜǎŎǊƛōŜŘ ōȅ 9ǉƴΦ 

όпΦмύΣ ǿƛǘƘƛƴ ǘƘŜ ƭƛƳƛǘǎ ƻŦ ǘƘŜ ōŀǘǘŜǊȅΩǎ ŜƴŜǊƎȅ ŎŀǇŀŎƛǘȅΣ ŀƴŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǇŀǊŀƳŜǘŜǊǎΥ  

State of Energy, i.e. energy contained in the battery at time t (MWh) SoE (t) 

Power drawn while charging, at time t (MW) P_charging (t) 

Power delivered when discharging, at time t (MW) P_discharging (t) 

Efficiency of charging (fraction)  ́charging 

Efficiency of discharging (fraction)  ́discharging 

Timestep  (hours) timestep 

  

ὛέὉ ὸ ὛέὉ ὸ ρ ὸὭάὩίὸὩὴȢὖͅὧὬὥὶὫὭὲὫὸȢ–ὧὬὥὶὫὭὲὫ
ὖͅὨὭίὧὬὥὶὫὭὲὫὸ

–ὨὭίὧὬὥὶὫὭὲὫ
 

(4.1) 

 

[186] give examples of ways in which some researchers have embellished the generic power-

energy model, by adding dependencies of power flows and/ or round-trip losses on SOC, or of 

round-trip losses on power flows.  Mao et al [200] ŀƭǎƻ ŘŜǎŎǊƛōŜ ƛƳǇǊƻǾŜƳŜƴǘǎ ǘƻ ǘƘŜ άōƭŀŎƪ 

ōƻȄέ ŀǇǇǊƻŀŎƘΣ ŦǊƻƳ ōƻǘƘ άŜƳǇƛǊƛŎŀƭέ ŀƴŘ άŘŀǘŀ-ŘǊƛǾŜƴέ ƳƻŘŜƭƭƛƴƎΦ  .ƻǘƘ ǎǘǳŘƛŜǎ ŘŜǎŎǊƛōŜ ǘƘŜ 

άƎǊŜȅ ōƻȄέ κ άǾƻƭǘŀƎŜ-ŎǳǊǊŜƴǘέ ƳƻŘŜƭΣ ŀƴŘ άǿƘƛǘŜ ōƻȄέ κ άŎƻƴŎŜƴǘǊŀǘƛƻƴ-ŎǳǊǊŜƴǘέ ŀǇǇǊƻŀŎƘŜǎ 

as giving progressively more accurate simulations of battery behaviour, but with increasing 

trade-offs of greater computational complexity.   
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Table 15 Summary of approaches to modelling batteries / energy storage assets in power systems [186], [200] 

Model 

paradigm 

άǿƘƛǘŜ ōƻȄέ άƎǊŜȅ ōƻȄέ άōƭŀŎƪ ōƻȄέ  

(simple case) 

Other names άǇƘȅǎƛŎǎ-based 

ƳƻŘŜƭέΣ  

άŎƻƴŎŜƴǘǊŀǘƛƻƴ-

ŎǳǊǊŜƴǘ ƳƻŘŜƭέ 

(batteries only) 

άŜǉǳƛǾŀƭŜƴǘ ŎƛǊŎǳƛǘ ƳƻŘŜƭέΣ  

άǾƻƭǘŀƎŜ-ŎǳǊǊŜƴǘ ƳƻŘŜƭέ 

άǇƻǿŜǊ-

ŜƴŜǊƎȅ ƳƻŘŜƭέ 

Aim A model which most 

closely approximates 

to actual behaviour  

A compromise between accuracy 

and complexity.  Represent 

battery (or other storage asset) 

behaviour with electrical circuit 

parameters 

A simple and 

widely 

applicable 

model 

Principle Include 

thermodynamics and 

kinetics of specific 

processes within the 

battery cell (or other 

type of storage asset)  

Describe the battery (storage 

asset) in terms of an equivalent 

electrical circuit, in which V and 

I, with R and in some cases C 

components, represent 

phenomena within a battery cell 

(the storage equipment)  

Described by 

Eqn (4.1), 

within 

capacity limits 

of the battery  

Parameters have dependencies have dependencies usually fixed  

Computational 

complexity 

high low-high low43  

Accuracy  high medium- high medium 44  

generalisability low medium high 

timescales ns-ms ms, min-hr min-hr45 

 

With batteries and potentially other assets being required to or rewarded for potentially 

performing multiple activities simultaneously, such as frequency response and arbitrage, 

Vykhodtsev et al [186] ǊŀƛǎŜ ǇŀǊǘƛŎǳƭŀǊ ŎƻƴŎŜǊƴǎ ƻŦ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ ǘƘŜ άōƭŀŎƪ ōƻȄέ ƳƻŘŜƭ ǘƻ ƎƛǾŜ 

appropriate results over very short and over multiple timescales.  Mao et al [200] propose an 

approach to simulating activity on multiple timescales, and suggest a flowchart to aid selection 

of suitable model elements, Figure 15.   

Energy arbitrage was the most widely-researched application of battery models reviewed in 

[186]Σ ±ȅƪƘƻŘǘǎŜǾ Ŝǘ ŀƭΩǎ ǎǘǳŘȅΤ ŀƭƳƻǎǘ ŀƭƭ ƻŦ ǘƘƻǎŜ ǎǘǳŘƛŜǎ ǳǎŜŘ ŀ άǇƻǿŜǊ-ŜƴŜǊƎȅέ ƳƻŘŜƭΣ ƛƴ 

 
43 Mao et al ς low; may be medium in the case of black box with data-driven improvements 
44 Mao et al ς Ƴŀȅ ōŜ άƘƛƎƘέ ǿƛǘƘ Řŀǘŀ-driven modelling improvements 
45 Mao et al - may be ms-s with empirically-driven improvements 
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Figure 15 Multi-timescale simulation environment of energy storage systems. Reproduced from Mao et al [200] 

some cases with additional improvements, and around half attempted to take degradation 

into account in some way.   

Battery degradation must be mentioned here.  [201] describes some of the complexities 

inherent in attempting to model this phenomenon: degradation appears to occur through 

multiple mechanisms, and depends not simply on number of cycles, energy throughput or 

calendar age, but crucially on environmental factors (primarily temperature) and operational 

factors (especially the degree / depth of charging and discharging).   Some physics-based 

models attempt to simulate degradation reactions; some studies have incorporated battery 

ŘŜƎǊŀŘŀǘƛƻƴ ƳƻǊŜ ǎƛƳǇƭȅ ƛƴǘƻ ŀ άōƭŀŎƪ ōƻȄέ ƳƻŘŜƭΣ ōȅ ŜƴŦƻǊŎƛƴƎ ƻǇŜǊŀǘƛƻƴŀƭ ƭƛƳƛǘǎΣ ƻǊ ōȅ 

counting total energy throughput or battery cycling [186]Σ ƻǊ ōȅ ǳǎŜ ƻŦ άŜƳǇƛǊƛŎŀƭ ƳƻŘŜƭƭƛƴƎ 

ƳŜǘƘƻŘǎέ [200].  {ƻōƻƴΩǎ ǘƘŜǎƛǎ [202]Σ ŀƴŘ ƘŜǊ ŀƴŘ {ǘŜǇƘŜƴΩǎ ǇŀǇŜǊ [203], describe current 

approaches to simulation of battery health and degradation, and propose a decision support 

tool to predict battery mal-operation.  This tool could potentially be used together with a 

battery schedule optimiser, to incorporate battery health considerations into scheduling 

decisions.  [204] reports that the use of physics-based modelling constraints for batteries 

engaged in wholesale trades succeeded in reduced degradation and improved whole-life  

performance of batteries.  This is clearly an important area of ongoing research. 
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4.3. Battery Model - overview 

4.3.1. Aim  

!ǎ ǎǘŀǘŜŘ ƛƴ ǘƘƛǎ /ƘŀǇǘŜǊΩǎ ƛƴǘǊƻŘǳŎǘƛƻƴΣ ǘhe aim of this work is to simulate actions that an 

άeconomically Ǌŀǘƛƻƴŀƭ ōŀǘǘŜǊȅέ based in GB could be expected to do, if engaged in wholesale 

trades.  In particular, this chapter seeks to produce timeseries of likely power flows from a 

battery, in order to understand any interactions with electricity generation or consumption by 

other users of electrical networks, and any impacts on network congestion. 

In order to understand likely behaviour of a battery engaged in wholesale trades, an 

understanding of likely revenues is necessary, in order to choose financially plausible scenarios 

of battery actions.  Battery cycling behaviour is also an aspect which could potentially affect 

scenario selection, and so is also considered in this chapter.  

4.3.2. Choice of modelling approach 

Clearly, a number of modelling approaches could have been used in this work.   

Regarding model formulation, various approaches, including an optimisation or an agent-

based approach (or some combination of the two) could be appropriate.  The key objective of 

this modelling is the output of a credible timeseries of power delivery and  consumption of a 

battery, in order to inform a network operator or system planner of potential behaviours of 

batteries on networks.  Ideally this  study would include multiple scenarios.  While battery 

owners themselves are likely to wish to optimise their ƛƴŎƻƳƛƴƎ ŎŀǎƘŦƭƻǿǎΣ ŀƴ άƻǇǘƛƳŀƭέ ŀŎǘƛƻƴ 

may depend on external factors, such as the business model chosen, the interaction between 

ōŀǘǘŜǊȅ ŎȅŎƭƛƴƎΣ ǳǎŜŦǳƭ ƭƛŦŜǘƛƳŜ ŀƴŘ Ǉƻǎǎƛōƭȅ ǿŀǊǊŀƴǘȅ ŎƻƴŘƛǘƛƻƴǎΣ ŀƴŘ ŀ ōŀǘǘŜǊȅ ƻǿƴŜǊΩǎ 

possible wish to engage in multiple activities, all factors beyond this study.  An agent-based 

ŀǇǇǊƻŀŎƘΣ ǘƻ ŘŜǎŎǊƛōŜ άwhat [battery actions] could beέ  [196] is thus considered more useful 

and has been selected.  Scenarios are selected which are intended to depict credible actions of 

a battery owner.  

Regarding the degree of complexity appropriate for this model, for arbitrage activities, likely to 

be around 1-2 cycles a day, this pattern of activity is within the timescale where a simple 

άōƭŀŎƪ ōƻȄέ ƳƻŘŜƭ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ƎƛǾŜ ŀƴ ŀŎŎŜǇǘŀōƭȅ ǊŜŀǎƻƴŀōƭŜ ŜǎǘƛƳŀǘŜ ƻŦ ōŜƘŀǾƛƻǳǊΣ ŀƴŘ 

ǘƘŜ ŎƻƳǇƭŜȄƛǘƛŜǎ ƻŦ ǘƘŜ άǿƘƛǘŜ ōƻȄέ ŀƴŘ άƎǊŜȅ ōƻȄέ όάǇƘȅǎƛŎǎ-ōŀǎŜŘέ ŀƴŘ  άŜǉǳƛǾŀƭŜƴǘ ŎƛǊŎǳƛǘ 

ōŀǎŜŘέύ are not justified for an initial study.  They may be considered for future work.  

Incorporating battery degradation, not performed in this study, would also add to complexity 
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of the model.  It would be ideal to incorporate some reference to degradation, insofar as it 

might affect modes of operation of the battery; these are considered as sensitivities in some of 

the modelling runs.  

4.3.3. General principles and overall formulation 

A battery owner, wishing to engage in wholesale trades, would wish to import energy at times 

of low price, and sell at times when the price is higher, as described in [187].  

This model simulates such decisions, for three case study periods during 2022.  The model is a 

single-agent model that represents rational decision making of a battery operator, as shown 

schematically in Figure 16. 

 

Figure 16 Schematic of battery model formulation 

4.4. Model inputs 

4.4.1. Variables: electricity wholesale price datasets 

4.4.1.1. Nature of the variables 

The input variables are contained in a timeseries dataset of GB wholesale electricity prices. The 

key variables are:  

Dataset temporal resolution (hr)   timestep 

And at any time t: 

Wholesale price (£/MWh) at every timestep  price(t)  
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4.4.1.2. Price datasets   

There is no single price for electricity within GB, as trades can occur bilaterally between 

generators, suppliers and other entities.  Spot markets are available for day ahead and in-day 

trades, run by two companies: Nordpool and EPEX [205], [206].  Price datasets can be 

purchased from these companies at commercial rates.  Nordpool and EPEX prices can be 

viewed without cost online (though not downloaded); visibility of EPEX prices on its website is 

restricted to within a few days of the viewing date.   Intraday spot prices are available for free 

ŘƻǿƴƭƻŀŘ ŦǊƻƳ 9ƭŜȄƻƴΩǎ aŀǊƪŜǘ LƴŘŜȄ tǊƛŎŜ Řŀǘŀ [207].  Day ahead prices can be downloaded 

without cost from ENTSOE website [208], [209]; unfortunately, available data for GB do not go 

beyond the end of 2020.   

For a battery owner, there are pros and cons of trading in day-ahead auctions, intraday 

auctions, and the continuous intraday market.  Overall volumes of trades are highest in the 

Nordpool day-ahead auction [210].  Day-ahead prices give greater certainty and enable 

planning and easier optimisation of an assetΩs schedule, which may explain why GB battery 

systems appeared to favour these platforms, as of 2023  [211]. (This feature of day-ahead 

ǇƭŀǘŦƻǊƳǎ Ƴŀȅ ŜȄǇƭŀƛƴ ǿƘȅ ǊŜǘŀƛƭŜǊ hŎǘƻǇǳǎ ǳǎŜǎ ǘƘŜƳ ǊŀǘƘŜǊ ǘƘŀƴ ƛƴǘǊŀŘŀȅ ǇǊƛŎŜǎ ŦƻǊ ƛǘǎ άŀƎƛƭŜ 

ǘŀǊƛŦŦέ ƻŦŦŜǊƛƴƎ [212].)  However, intraday prices tend to be more volatile than day-ahead, thus 

providing greater opportunity for the most profitable battery trades [211], but also presenting 

the risk of ŀ άǿƻǊǎŜέ price profile for a battery (compared to that of a day-ahead platform), 

and also of prices differing from forecasts, which could prevent best use of assets.  Price 

deviations from forecasts and other platforms are most likely ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ 9t9·Ωǎ Ŏƻƴǘƛƴǳƻǳǎ 

intraday platform [210].   

The model can run on both intraday and day ahead price data.  The scenarios selected for this 

work use day-ahead prices, which is typical of actual batteries.  However some battery systems 

do use intraday platforms, and thus would be guided by prices which at times will differ from 

the prices used in this work.   

All simulations used Nordpool Day Ahead price data, which are of 1-hour resolution.  The data 

were all manually transcribed, and so may contain transcription errors.   

4.4.1.3.  The three case study periods 

As stated in the previous chapter, this study uses three 35-day case study periods during 2022, 

selected to include different conditions of weather, demands and wholesale prices, as 

summarised in Table 16 (presented earlier in the previous chapter as Table 6).  Inspection of 
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different conditions of these factors is used in the following chapters to investigate possible 

interactions between expected battery behaviour, wind generation, and electricity demands.  

Table 16 Case study seasons 

Season Start 

date 

End 

date 

Scottish BM Wind 

availability 

(combined onshore 

and offshore) 

Wholesale electricity 

prices 

Weather 

ά{ǳƳƳŜǊέ 26 May 

2022 

29 Jun 

2022 

Low for most of the 

period, with several 

short-duration 

high-wind episodes 

Relatively low and with low 

volatility for most of the 

time, with a few episodes 

of small price spikes or 

dips. 

Mostly sunny 

and warm 

ά!ǳǘǳƳƴέ 25 Sept 29 Oct 

2022 

High for most of the 

period, with brief 

lower-wind 

interludes.   

Significant volatility during 

early part, with prices 

becoming lower and 

calmer towards the end. 

Mild and 

windy 

ά²ƛƴǘŜǊέ 17 Nov 

2022 

21 Dec 

2022 

Moderate to fairly 

high at the very 

start and end of the 

case study. A 

prolonged (cold) 

low-wind period in 

the middle, with 

near-zero wind for 

a few days. 

Initially moderate.  Very 

high price spikes during the 

early evening peak on a 

few days during late Nov 

and early Dec. The early 

December cold snap saw 

high prices with a large 

diurnal price range. Prices 

fell sharply near the end of 

the case study period, 

coinciding with a change in 

weather. 

Mild and 

windy, then 

very cold and 

calm, ending 

on milder 

windier 

weather 

 

Wind availability and outputs were ascertained from Balancing Mechanism data.   

Inspection of price data for the Irish electricity market, available for free download from 

ENTSOE [208], [209], was used as a guide to likely prices within GB, the Irish system being 

heavily interconnected with the GB one.  

The wholesale prices timeseries charts are displayed in Figure 17. 

Clock times are as downloaded from the Nordpool and are in CET / CEST, one hour earlier than 

UK clock time.   
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(a) Summer (b) Summer (larger scale) 

 
 

(c) Autumn (d)  Autumn (larger scale) 

 

 

(e) Winter  
Figure 17 Wholesale prices (Nordpool DA). (a) and (b) - Summer case study; (c) and (d) ς Autumn case study; (e) 

Winter case study 

These charts show several features of interest.  First, the magnitude and volatility of the prices 

varied between seasons, and within each season.  The summer season had relatively calm and 

low prices, by the standards of 2022, with in-day variation of around £50-100/MWh, exceeded 

on only a few days; ǇǊƛŎŜǎ ǊŀƴƎŜŘ ƻǾŜǊ ǘƘŜ ǿƘƻƭŜ άǎŜŀǎƻƴέ ŦǊƻƳ ϻл-350/MWh.   The autumn 
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season started with more volatile prices, with in-day price variations up to around £200/MWh, 

the in-day range reducing to around £50/MWh for the last few days, and a whole-season price 

range of £0-500/MWh.  Both summer and autumn seasons have a high frequency of price 

variations, which is shown in greater detail in later sections.  The winter case study started 

with relatively calm prices, followed by very high price spikes, of around £1000/MWh, on two 

days at the end of November, and an even higher price spike in mid-December.  The central 2 

weeks of the season had a very pronounced diurnal pattern with prices varying daily from 

£200/MWh to around £400-500/MWh.  The frequency of price variations is markedly less than 

the other two seasons.   The magnitude of the prices, the in-day price variations, and the 

frequency of price variations, all affect the timings and frequency of battery energy flows that 

ŀ άǊŀǘƛƻƴŀƭ ōŀǘǘŜǊȅέ ǿƻǳƭŘ ŜƴƎŀge in, as is described in greater detail in the following sections.  

4.4.2. Battery Parameters used in the model   

4.4.2.1. Fixed battery parameters 

The fixed battery parameters set the key features of the simulated battery.  These parameters 

are fixed for the whole of every simulation run.  For simplicity, the round-trip losses are 

modelled as occurring only during charging, and not during discharging.   

Maximum export power (MW)   Pmax 

Maximum import power (MW)    ҍPmax 

Simulation timestep (hr)     timestep 

Battery duration (exporting at Pmax) (hr)   D 

Battery energy capacity (MWh)   batt_energy_capacity  

Maximum State of Charge    SOC_max  

Minimum State of Charge    SOC_min 

Round-trip efficiency (fraction)    h ÏÒ ȰÅÆÆȱ ÉÎ ÆÏÌÌÏ×ÉÎÇ ÆÌÏ×ÃÈÁÒÔ 

Round-trip losses (fraction)     losses 

Battery duration (importing) (hr)    Dimport   

Where:  ὦὥὸὸᾩὲὩὶὫώᾧὥὴὥὧὭὸώὈȢὖάὥὼ (4.2) 

 ὰέίίὩίρ – (4.3) 

 
Ὀ

Ὀ

–
 

(4.4) 
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Battery energy capacity refers to the useable energy capacity, which the battery can discharge 

repeatedly, from SOC_max to SOC_min, without sustaining damage.   

4.4.2.2. Values of fixed battery parameters selected 

The battery model initially chose parameters broadly typical of lithium ion batteries, which are 

commercially viable at present.  Some analyses were performed using parameters 

representative of flow batteries, to illustrate effect of different duration batteries.  The values 

selected are summarised in Table 17. 

Table 17 Values of battery parameters used in the modelling 

Parameter Default value 

used in 

modelling 

Other 

values 

used 

Comments 

timestep 1 hour  Value set by resolution of wholesale price 

dataset 

Pmax 1 MW   

D 

2 hr  2hr, and 1hr and 4hr, chosen to represent Li-

ion battery or a similar short-duration 

battery. 
 1hr, 4hr 

 12 hr Limited investigation of 12 hour battery, 

representing flow battery 

    

SOC_max 1  Defined as maximum 

safe level of charge 

A battery charge 

controller is 

assumed to maintain 

the SOC within these 

limits 

SOC_min 0  Defined as minimum 

safe level of charge 

,́ 

and 

corresponding 

(losses) 

 

0.85, (0.15)   Representing total system losses form a 

lithium ion battery or similar, encompassing 

losses from ancillary equipment, including 

inverter, charge controller, battery 

management system and potentially cooling 

or heating, as well as the battery itself.  

 0.7, (0.3) 

 

Limited investigations 

Mainly used with 12-hour duration batteries 

simulations, representing higher losses from 

flow batteries 
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Standing losses are considered small in comparison to round-trip losses [186], and are not 

simulated.  Similarly, battery degradation is considered to be negligible over the short time 

period studied, and is not simulated either.  

This model considers cashflows only from buying and selling electricity.  Other essential 

business cashflows, such as costs of Operation and Maintenance (O&M) and financing, are 

excluded.   

4.4.2.3. Initial battery parameters 

There are further parameters which vary during the course of every simulation.   

Initial values are required for the following: 

Initial Accumulated cashflow  Accum_cash (t=0)   set to 0 

Initial State of Charge   SOC(t=0)     set to 0.5 46  

 

4.4.3. Trading parameters 

The trading parameters represent foresight of market price information, and appetite for 

trading.  

Period of perfect foresight of market price (hr)  visibility window  

Appetite for trading       trading  strategy 

At every timestep, the battery agent has visibility of the forthcoming prices within the visibility 

window, for example, over the next 2 hours.  Trading prices which are favourable for selling 

energy (high prices) and buying energy (low prices) are determined in comparison to the 

άmaximum market priceέ ŀƴŘ άminimum market priceέ ǿƛǘƘƛƴ ǘƘŜ Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿΣ ǎƘƻǿƴ ƛƴ 

Figure 18.   

 
46 Unless otherwise stated 
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Figure 18 Battery trading behaviour: key parameters 47Within the range of prices that 

are about to occur within the visibility window (i.e. time horizon)Σ ŀ άbuy priceέ ŀǘ ƻǊ ōŜƭƻǿ 

ǿƘƛŎƘ ƛǘ ƛǎ ŦŀǾƻǳǊŀōƭŜ ǘƻ ōǳȅ ŜƭŜŎǘǊƛŎƛǘȅΣ ŀƴŘ ŀ άsell priceέ ŀǘ ƻǊ ŀōƻǾŜ ǿƘƛŎƘ ƛǘ ƛǎ ŦŀǾƻǳǊŀōƭŜ ǘƻ 

sell energy, are set, with the aid of two further parameters: the market price gap, and the 

chosen trading strategy.   

ὓὥὶὯὩὸ ὴὶὭὧὩ ὫὥὴάὥὼὭάόά άὥὶὯὩὸ ὴὶὭὧὩάὭὲὭάόά άὥὶὯὩὸ ὴὶὭὧὩ 

 (4.5) 

Market price gap is specific to that timestep, within the forthcoming visibility window of price.  

The trading strategy sets the point within the market price gap at which prices are deemed 

favourable for trading.  Four different trading strategies were used, which are shown in Table 

18.  

Table 18 Battery trading strategies 

Trading strategy Market price at which battery will buy or 

sell: position within the market price gap 

ΨȄΩΥ ŦƻǊ sell price ΨȅΩ ŦƻǊ buy price 

Ψ пл҈Ω όΨ.ǳǎȅΩύ 60% 40% 

Ψнр҈Ω όΨaƻŘŜǊŀǘŜΩύ 75% 25% 

Ψмл҈Ω όΨ²ŀƛǘ ŦƻǊ ƎƻƻŘ ǇǊƛŎŜΩύ 90% 10% 

Ψр҈Ω όΨ²ŀƛǘ ŦƻǊ ōŜǎǘ ǇǊƛŎŜΩύ 95% 5% 

 

 
47 In the context of a day-ŀƘŜŀŘ ǘǊŀŘƛƴƎ ǇƭŀǘŦƻǊƳΣ άbh²έ ƛƴ Figure 18 refers to the time at which the 

battery has been committed to operate, or not operate, in an auction the preceding day.  In an 

Ŏƻƴǘƛƴǳƻǳǎ ƛƴǘǊŀŘŀȅ ǇƭŀǘŦƻǊƳΣ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ άbh²έ ǿƻǳƭŘ ƳŜŀƴ ǘƘŜ ǇǊŜǎŜƴǘ ǘƛƳŜΦ 
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ίὩὰὰ ὴὶὭὧὩάὭὲὭάόά άὥὶὯὩὸ ὴὶὭὧὩὼȢάὥὶὯὩὸ ὴὶὭὧὩ Ὣὥὴ (4.6) 

ὦόώ ὴὶὭὧὩάὭὲὭάόά άὥὶὯὩὸ ὴὶὭὧὩώȢάὥὶὯὩὸ ὴὶὭὧὩ Ὣὥὴ (4.7) 

These parameters are illustrated in Figure 19. 

 

Figure 19 Battery trading behaviour: market price gap, buy price and sell price  

For example, if the minimum market price in the visibility window is £200/MWh, and the 

maximum is £300/MWh, the market price gap is £100/MWh.  In the ά40% / ōǳǎȅέ strategy, the 

battery will buy if the market price falls to £240/MWh or below, and will sell if the market price 

rises to £260/MWh or above.  In the ά5% / ǿŀƛǘ ŦƻǊ ōŜǎǘ ǇǊƛŎŜέ strategy, the battery will only buy 

if market price falls to £205/MWh or lower, and will only sell at market prices of at least 

£295/MWh. 

The chosen άǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎȅέ and άǾƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿέ, together form the άǘǊŀŘƛƴƎ ǎŎŜƴŀǊƛƻέ 

used for the simulation run, as shown in Figure 20.  Visibility windows from 2 hours to 72 hours 

were used in simulations. 48 

For each simulation run, the visibility window and trading strategy are fixed for the whole run.  

Simulations were repeated with all combinations of chosen visibility windows and trading 

strategies.  

 
48 The effect of increasing length of visibility window is shown in the Results section 4.7.   
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Figure 20 Schematic of Trading Scenario 

 

4.5. Model logic 

The battery agent uses deterministic logic to represent the actions of a battery owner, at every 

timestep. 

 

4.5.1. Introducing the parameters 

At every timestep t, the following parameters are calculated and recorded:  

 

power flow (exporting) (MW)      P (t)  

energy exported this timestep (MWh)    e_out (t)   

energy imported this timestep (MWh)     e_in (t)   

cashflow increment this timestep (£)    cash (t)  

energy stored within battery after timestep t (MWh)   stored_E (t)  

State of Charge after timestep t    SOC (t)  

 

Where stored_E (t) = stored_E (tҍ1) ҍ e_out (t) + e_in (t)  Ȣ ʂ 

 

(4.8) 

and 
Ὓὕὅ ὸ

ίὸέὶὩὨὉͅ ὸ

ὦὥὸὸᾩὲὩὶὫώᾧὥὴὥὧὭὸώ

ίὸέὶὩὨὉͅ ὸ

ὈȢὖάὥὼ
 

(4.9) 
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When exporting  

For P (t) > 0:   

e_out (t) = P (t) . timestep (4.10) 

e_in (t) = 0 (4.11) 

cash (t) = e_out (t)  . price (t) = P  (t)  . timestep . price (t)  (4.12) 

 

When importing  

For P (t) < 0:  

e_out (t) = 0 (4.13) 

e_in (t) =  ҍP (t) . timestep (4.14) 

cash (t) =  ҍe_in (t)  . price (t)  = P (t) . timestep . price (t) (4.15) 

 

 

4.5.2. Determination of power flows, P (t)  

At every timestep, the rules encoded in the battery agent, together with the input variables of 

price and trading scenario, and the battery SOC prior to this timestep, determine whether the 

battery will import, export, or not trade, and if exporting or importing, at what power.  

For a trade to proceed, 3 criteria must be satisfied, as described below.  A fourth rule 

determines the magnitude of power flow of a trade.  These rules are summarised in Figure 21. 
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Figure 21 Battery agent heuristics for determining action at each time step.  

όwŜŘ ά·έ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ǘǊŀŘŜ ŘƻŜǎ ƴƻǘ ǇǊƻŎŜŜŘΦ  άŜŦŦέ ƛǎ ǊƻǳƴŘ-trip efficiency, ́ .) 
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4.5.2.1. Wholesale Price must be suitable for a trade  

As described in Section 4.4.3,  

If price (t) >= sell price   price at this timestep is suitable for export (4.16) 

If price (t) <= buy price  price at this timestep is suitable for import (4.17) 

 

4.5.2.2.  The envisaged trade must be financially viable, considering the cost of 

round-trip losses  

Trades in which there is only a small difference in price at which energy is bought and sold may 

be financially loss-making, even if the prices are deemed favourable for trade by the above 

rule.  This situation is especially likely for pricing patterns with small variations in price, for 

battery scenarios with high round-trip losses (30% or higher), or where trading prices of energy 

are high.  This rule is intended to prevent trades which are financially loss-making or only 

marginally profitable.  

If projected cost of round-trip losses of this trade  

>= projected net income from this trade 
(4.18) 

then the trade does not proceed.        

 P (t) = 0  

The battery agent has no foresight of the next timestep at which it will next trade; it operates 

only in the current timestep, with limited foresight of future market prices.  So the battery 

ŀƎŜƴǘ ǳǎŜǎ ǘƘƛǎ ǘƛƳŜǎǘŜǇΩǎ buy price or sell price as proxies for the price at which it will next 

purchase or sell energy.  

Price favourable for export 

 Estimated cost of losses from this trade (£/MWh) = buy price . losses 

 

(4.19) 

 Estimated net income from this trade (£/MWh) = price ɀ buy price 

 

(4.20) 

If Price ɀ buy price > buy price . losses  (4.21) 

which can be expressed as: Price ɀ buy price > buy price . (1 ҍ ʂ (4.22) 

then the export trade may proceed.  

otherwise the battery does not trade at this timestep.    

¢Ƙƛǎ ǊǳƭŜΣ ǳƴŘŜǊ άŜȄǇƻǊǘƛƴƎέ ŎƻƴŘƛǘƛƻƴǎΣ ƛǎ ƛƭƭǳǎǘǊŀǘŜŘ ǎŎƘŜƳŀǘƛŎŀƭƭȅ ƛƴ Figure 22. 
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Figure 22 LƭƭǳǎǘǊŀǘƛƻƴ ƻŦ άŦƛƴŀƴŎƛŀƭƭȅ ǾƛŀōƭŜ ǘǊŀŘŜέ ǊǳƭŜΣ ǿƘŜƴ ǇǊƛŎŜ ŦŀǾƻǳǊŀōƭŜ ŦƻǊ ŜȄǇƻǊǘƛƴƎ 

Price favourable for import 

 Estimated cost of losses from this trade (£/MWh) =  price . losses 

 

(4.23) 

 Estimated net income from this trade (£/MWh) =  sell price ɀ price 

 

(4.24) 

If sell price ҍ price >  price . losses (4.25) 

which can be expressed as: sell price ҍ price >  price . (1 ɀ ʂ (4.26) 

then the import trade may proceed.  

otherwise the battery does not trade at this timestep.    

 

¢Ƙƛǎ ǊǳƭŜΣ ǳƴŘŜǊ άŜȄǇƻǊǘƛƴƎέ ŎƻƴŘƛǘƛƻƴǎΣ ƛǎ ƛƭƭǳǎǘǊŀǘŜŘ ǎŎƘŜƳŀǘƛŎŀƭƭȅ ƛƴ Figure 23. 

 

Figure 23 LƭƭǳǎǘǊŀǘƛƻƴ ƻŦ άŦƛƴŀƴŎƛŀƭƭȅ ǾƛŀōƭŜ ǘǊŀŘŜέ ǊǳƭŜΣ ǿƘŜƴ ǇǊƛŎŜ ŦŀǾƻǳǊŀōƭŜ ŦƻǊ ƛƳǇƻǊǘƛƴƎ 
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4.5.2.3. The battery SOC must allow the trade in the envisaged direction 

The battery cannot export when it is empty, not import when fully charged.  

If SOC  (t ҍ 1) > 0  then an export trade may proceed 

 

(4.27) 

otherwise   an export trade does not proceed  

     

If  SOC  (t ҍ 1) < 1  then an import trade may proceed 

 

(4.28) 

otherwise   an import trade does not proceed  

 

This logic states whether a trade in the envisaged direction (i.e. import or export) may take 

place at all.  The logic in the following subsection determines whether the SOC might limit the 

magnitude of the power flow.  

 

4.5.2.4. Magnitude of Power flow P(t) 

The battery always exports and imports at full power, whenever its SOC allows.  

When exporting 

 

If energy contained in battery: ίὸέὶὩὨὉͅ  0ÍÁØ Ȣ ÔÉÍÅÓÔÅÐ (4.29) 

 which can be expressed as: 
Ὓὕὅ  

ὸὭάὩίὸὩὴ

Ὀ
 (4.30) 

(as: 
 

ͺ

ͺ ͺ
 

ͺ

Ȣ
Ὓὕὅ     )    

(4.31) 

    

then  P (t) = Pmax (4.32) 

 

At lower values of SOC, the battery fully discharges at this timestep, at lower power: 

If 
Ὓὕὅ  

ὸὭάὩίὸὩὴ

Ὀ
 

(4.33) 
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then energy export this timestep, e_out (t):  

 Ὡ ὖ ȢὸὭάὩίὸὩὴ  

(4.34) 

 

  ίὸέὶὩὨὉ  

  Ὓὕὅ ȢὦὥὸὸὩὲὩὶὫώὧὥὴὥὧὭὸώ 

Ὓὕὅ ȢὖάὥὼȢὈ 

and  power this timestep, P(t): 
 

 
ὖ ὸ ὖάὥὼ ȢὛὕὅ Ȣ

Ὀ

ὸὭάὩίὸὩὴ
 (4.35) 

   

So overall,  ὖ ὸ ὖάὥὼ Ȣ  ÍÉÎρȟ Ὓὕὅ Ȣ

Ὀ

ὸὭάὩίὸὩὴ
  (4.36) 

   

When importing 

Similarly, the battery imports at full power if there is enough remaining capacity in the battery.   

Roundtrip losses are modelled to occur during imports.  

If unfilled capacity in battery:   

   ὦὥὸὸᾩὲὩὶὫώᾧὥὴὥὧὭὸώ  ίὸέὶὩὨὉͅ     0ÍÁØ Ȣ ÔÉÍÅÓÔÅÐ Ȣ ʂ 

 
(4.37) 

 which can be expressed as:  

 
ρ  Ὓὕὅ     

ὸὭάὩίὸὩὴ Ȣ–

Ὀ
 (4.38) 

then   ὖ ὸ   ὖάὥὼ (4.39) 

 

At higher values of SOC, the battery fully charges at this timestep, at reduced power. 

If 
 

ρ  Ὓὕὅ  
ὸὭάὩίὸὩὴ Ȣ–

Ὀ
 (4.40) 

then ὖ ὸ ὖάὥὼ Ȣρ Ὓὕὅ  Ȣ
Ὀ

ὸὭάὩίὸὩὴȢ  –
 (4.41) 

   

So overall ὖ ὸ  ὖάὥὼ Ȣ  ÍÉÎρȟ ρ Ὓὕὅ   
Ὀ

ὸὭάὩίὸὩὴ Ȣ–
  (4.42) 
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4.5.3. Cumulative total energy and overall net revenue values 

At every timestep, the overall energy imported and exported during the simulation, and 

overall net revenue from energy trades (i.e. accumulated cashflow values), are as shown:  

total energy delivered (MWh)    E_out (t)  

total energy imported (MWh)    E_in (t)  

total accumulated cashflow (£)   Accum_cash (t)  

where 

Ὁͅέόὸ ὸ  ᾩέόὸ ὸ 

 

 

(4.43) 

ὉͅὭὲ ὸ  ᾩὭὲ ὸ 

 

 

(4.44) 

ὃὧὧόάᾧὥίὬ ὸ  ὧὥίὬ ὸ 

 

 

(4.45) 

 

Negative values of accumulated cashflows are permitted.  (The battery logic allows cashflows 

below zero, for example following a purchase of electricity at the start of the run.  The logic 

does not force accumulated cashflows to be above zero, though the rule taking into account 

the cost of round-trip losses avoids most loss-making trades.) 

 

4.6. Model outputs 

The model has key outputs at every timestep, and at the end of the simulation run.  They are:  

4.6.1. Timeseries outputs.  

The timeseries of P (t) for the whole simulation is a key output. 

Timeseries values of SOC (t) and Accum_cash (t)  are also of interest.   
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4.6.2. Final values at end of simulation 

The key final value outputs are: total values of energy delivered (E_out), and energy imported 

(E_in), and accumulated cashflow (Accum_cash ) accrued during the whole simulation run.  

The final value of SOC is also important.  

The final accumulated cashflow total is adjusted to take into account any SOC difference 

between the start and finish of the run, using the final wholesale price.  

ὃὧὧόάᾧὥίᾬὥὨὮόίὸὩὨ 

 ὃὧὧόάᾧὥίὬ ὪὭὲὥὰὛὕὅ ὪὭὲὥὰὛὕὅ ὸ π Ȣὖάὥὼ ȢὈ ȢὴὶὭὧὩ ὪὭὲὥὰ 
(4.46) 

 

The number of battery cycles deemed to have occurred, based on total energy transfers, are  

ὸέὸὥὰ ὲόάὦὩὶ έὪ ὦὥὸὸὩὶώ ὧώὧὰὩί
Ὁͅέόὸ ὪὭὲὥὰ

ὖάὥὼ ȢὈ
 

 

(4.47) 

Average daily cashflow accrual and battery cycling are as follows:  

ὥὺὩὶὥὫὩ ὥὧὧόάόὰὥὸὩὨ ὧὥίὬὪὰέύ ὴὩὶ ὨὥώὃὧὧόάᾧὥίᾬὥὨὮόίὸὩὨ Ȣ
ςτ

ὸ
  

 

(4.48) 

ὥὺὩὶὥὫὩ ὲόάὦὩὶ έὪ ὦὥὸὸὩὶώ ὧώὧὰὩί ὴὩὶ Ὠὥώ
Ὁͅέόὸ ὪὭὲὥὰ

ὖάὥὼ ȢὈ  
 Ȣ
ςτ

ὸ
 

 

(4.49) 

where t, run duration, is in hours.  

 

4.7. Battery simulation results: part 1. Base case battery parameters 

Lƴƛǘƛŀƭ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ άōŀǎŜ ŎŀǎŜέ ōŀǘǘŜǊȅΣ ǿƛǘƘ ǇŀǊŀƳŜǘŜǊǎΥ   

Pmax = 1 MW, duration = 2 hours, round-trip efficiency = 85%. 

tƳŀȄ ǿŀǎ ǎŜǘ ŀǘ м a² ŀǎ ŀ ǎŎŀƭŀōƭŜ άǳƴƛǘ ƭŜǾŜƭέΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ƳǳƭǘƛǇƭƛŜŘ ŀǎ ŘŜǎƛǊŜŘ ŦƻǊ ƭŀǊƎŜǊ 

batteries.  

! άōŀǎŜ ŎŀǎŜέ ŘǳǊŀǘƛƻƴ ƻŦ н ƘƻǳǊǎ ǿŀǎ ŘŜŜƳŜŘ ŀǇǇǊƻǇǊƛŀǘŜ, considering that Schmidt and 

Staffell reported median durations of deployed lithium-battery installations of 1.3 hours, with 

a 25-75 percentile range of 0.7 - 3.8 hours, based on U.S. Department of Energy data [109], 
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[110].  [109] also suggest a typical round trip efficiency of a lithium ion battery system of 

around 85%.  

4.7.1. Comparison of different trading scenarios by overall net revenue 

Simulations were run for all trading scenarios, i.e. all combinations of visibility window and 

trading strategy, as previously described in Section 4.4.3.   

Figure 24 shows how the accumulated net revenue from the simulation (shown as both total 

and average per day over the simulation period) varies with the length of the visibility window 

(2 to 72 hours), for each of the four trading strategies, for the summer, autumn and winter 

case studies.  

A logarithmic x-axis, to base 2, is used to allow clear inspection of the visibility windows 

relevant to this 2-hour battery, with greatest detail in the range of 2 to 8 hours.  

The scenario which yields the highest accrued overall net revenue from the trades ς for each 

case study season and set of battery parameters - ƛǎ ŎŀƭƭŜŘ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ. 

The charts in Figure 24 show that for this base case 2-hour battery, good financial results were 

obtained from simulations using visibility windows of 2 to 4 hours, using all trading strategies, 

in all three case study seasons.  In the winter case study alone, some of the trading strategies 

also gave good results with visibility windows of 4-8 hours.   

In each season, there was a single highest-ǇŜǊŦƻǊƳƛƴƎ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΣ ǘƘƻǳƎƘ ǘƘŜǊŜ 

were also several other scenarios which yielded similar financial results.  In contrast, 

simulations using longer visibility windows gave much poorer financial performance. This is 

because the model logic uses the highest and lowest prices occurring during the whole 

Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿ ƛƴ ǎŜǘǘƛƴƎ ǘƘŜ άōǳȅ ǇǊƛŎŜέ ŀƴŘ άǎŜƭƭ ǇǊƛŎŜέΦ  ¢ƘǳǎΣ ŀ ƘƛƎƘŜǊ ƻǊ ƭƻǿŜǊ ǇǊƛŎŜ ŜǾŜƴǘ 

in the future would more often cause the simulated bŀǘǘŜǊȅ ŀƎŜƴǘ ǘƻ Ŏƭŀǎǎ άƴƻǿέ ǇǊƛŎŜ 

conditions unfavourable to trade (as there are better prices in the future).  Thus, battery 

activity generally declines with increasing length of visibility window, and so, usually, does its 

income.49    

 
49 This feature of the model prevents it from being able to optimise battery activity over a long time 

trajectory, given extended foresight of pricing data.  However, given the restricted foresight of data on 

real trading platforms, this model is nevertheless considered useful.  
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(a) Summer ς total net revenue (b) Summer ς average daily net revenue 

  
(c) Autumn ς total net revenue (d) Autumn ς average daily net revenue 

  
(e) Winter ς total net revenue (f) Winter ς average daily net revenue 

Figure 24  Variation of net revenue with length of visibility window and trading strategy, base case battery. (a) and 

(b) Summer; (c) and (d) autumn; (e ) and (f) winter case studies.  (a), (c ) and (e) showing overall net revenue accrual 

for the whole 35 day case study; (b), (d) and (f) showing average daily net revenue accrual over the case study 

season.  
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CƻǊ ŀƭƭ ǘƘǊŜŜ ǎŜŀǎƻƴǎΣ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ ŦƻǊ ǘƘŜ ōŀǎŜ ŎŀǎŜ ōŀǘǘŜǊȅ ǿŀǎ ǘƘŜ άнр҈ κ 

ƳƻŘŜǊŀǘŜέ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎȅΣ ǎƘƻǿƴ ƛƴ ƻǊŀƴƎŜ ƛƴ ǘƘŜ ŀōƻǾŜ ǇƭƻǘǎΣ ǿƛǘƘ ŀ Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿ ƻŦ о 

hours.   

LƴƛǘƛŀƭƭȅΣ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ŦƻǊ ǘƘŜ ōŀǎŜ ŎŀǎŜ ōŀǘǘŜǊȅ ǿŜǊŜ ŜȄŀƳƛƴŜŘΣ ŀǎ ŘŜǎŎǊƛōŜŘ 

in the following section.  Later, some other trading scenarios (for reduced battery cycling) were 

investigated, in Section 4.7.4.  In Section 4.8 the financial performance of batteries of other 

durations and round-trip efficiencies is displayed and discussed.  

 

4.7.2. Simulation results ς timeseries plotsΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ 

Battery simulation results for each case study period are shown below.  Figure 25 shows 

timeseries of variables associated with the battery activity, for the whole of the summer case 

study period.  The wholesale price, sell and buy prices are displayed in the top chart; the 

battery SOC in the middle chart, and overall net revenue (i.e. cashflow accrual) in the bottom 

chart.   

Figure 26 and Figure 27 show timeseries for the same variables during the autumn and winter 

case studies, respectively.   

Battery and trading parameters are shown in Table 19. 
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Figure 25 {ǳƳƳŜǊ ŎŀǎŜ ǎǘǳŘȅ όор ŘŀȅǎύΣ ōŀǎŜ ŎŀǎŜ όмa²κнa²Ƙύ ōŀǘǘŜǊȅΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΦ  ¢ƛƳŜǎŜǊƛŜǎ ƻŦ 

wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow).  Parameters in 

Table 19 

 

Figure 26 !ǳǘǳƳƴ ŎŀǎŜ ǎǘǳŘȅ όор ŘŀȅǎύΣ ōŀǎŜ ŎŀǎŜ όмa²κнa²Ƙύ ōŀǘǘŜǊȅ Σ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΦ ¢ƛƳŜǎŜǊƛŜǎ ƻŦ 

wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow).  Parameters as 

shown in Table 19   
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Figure 27 Winter case study (35 days), base case (1MW/2MWh) battery,  άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ. Timeseries of 

wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow). Parameters 

shown in Table 19  

 

 

Table 19 Battery simulation results: default battery parameters used 

Figure Case 

study 

season 

Battery parameters Scenario:  

Trading parameters 

Scenario 

choice 

criterion Pmax, 

MW 

Duration, 

hr 

Round trip 

efficiency  

Visibility 

window, 

hr 

Trading 

strategy 

Figure 25 

 

Summer 1 2 85% 3 άнр҈έ 

όάƳƻŘŜǊŀǘŜέύ 

ά.Ŝǎǘ 

ŎŀǎƘŦƭƻǿέ 

 
Figure 26 

Autumn 1 2 85% 3 άнр҈έ 

όάƳƻŘŜǊŀǘŜέύ 

ά.Ŝǎǘ 

ŎŀǎƘŦƭƻǿέ 

Figure 27 Winter 1 2 85% 3 άнр҈έ 

όάƳƻŘŜǊŀǘŜέύ 

ά.Ŝǎǘ 

ŎŀǎƘŦƭƻǿέ 

 

Chapter 4 Annex 1 shows the above timeseries, broken down by week, for clearer inspection.  

A few examples of single-week plots are shown below in Figure 28 and Figure 29. 
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Figure 28 Two 1-week plots of battery simulation ς illustrating changeable patterns of cycling.  Summer, 3rd week, and Autumn, 1st week, respectively.  Base case (1MW/2MWh) 

battery, άbŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ ƛƴ ōƻǘƘ cases. 
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Figure 29 Two 1-week plots of battery simulation ς illustrating regular trading patterns.  Autumn, 2rd week, regular 2 cycles / day, and Winter, 3rd week, regular 1 cycle/ day.  Base case 

(1MW/2MWh) battery , ά.Ŝǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ƛƴ ōƻǘƘ ŎŀǎŜǎΦ   
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Figure 28 and Figure 29 allow several observations.  First, most of the battery actions are full 

cycles, i.e. the battery goes from full to empty (requiring 2 timesteps) or vice versa (requiring 2 

timesteps at full power and a third at reduced power), such as illustrated in Figure 29, though 

there are occasions when the battery action will pause while the battery is part-charged or 

part-discharged, with several such occasions in Figure 28.  Second, in summer and autumn, on 

most days there are around two cycles per day (shown in both above figures).  Very 

occasionally there is more frequent activity; on some days there is only a single battery cycle.  

Third, in winter, for the first ten days, there are one or two battery cycles per day, but in 

thereafter, almost every day has a very strong one-cycle -a-day diurnal pattern, for example as 

shown in Figure 29.   

The diurnal pattern, in particular the frequency and times of day at which the battery imports 

and exports, are discussed in greater detail in Section 4.7.3. 

 

4.7.3. Battery cycling by time of day  

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ŎƘŀǊǘǎ ǎƘƻǿ ŀƎƎǊŜƎŀǘŜŘ ŀŎǘƛƻƴǎ ƻŦ ǘƘŜ ōŀǎŜ ŎŀǎŜ ōŀǘǘŜǊȅΣ ǳƴŘŜǊ ǘƘŜ άōŜǎǘ 

ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΣ ǎǇƭƛǘ ōȅ {ŜǘǘƭŜƳŜƴǘ tŜǊƛƻŘ ό{tύ50 (i.e. by time of day), over the whole of 

each 35-day case study time period.  Plots ŦƻǊ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ for each season 

are shown below. 

As the price data are of 1-hr resolution, the timestep is one hour, and so the plots below can 

only show odd-numbered SPs.   

In the event that the 1 MW simulated battery imported or exported at the same SP every day 

during the 35-Řŀȅ ŎŀǎŜ ǎǘǳŘȅΣ ǘƘŀǘ ƛƳǇƻǊǘ ƻǊ ŜȄǇƻǊǘ ǇŜŀƪ ǿƻǳƭŘ ǘƻǳŎƘ ǘƘŜ άƳŀȄ ǇƻǎǎƛōƭŜέ 

horizontal line, set at 35 MWh.  Import and export peaks at lower levels indicate actions do not 

occur every day at the same time.   

 

 
50 Settlement periods, which last 30 minutes, start at 1, for midnight to 12:20AM, up to 48, for 11:30PM 
ς midnight.  
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(a) Summer (b) Autumn (c) Winter 

Figure 30 !ƎƎǊŜƎŀǘŜ ōŀǘǘŜǊȅ ŀŎǘƛǾƛǘȅ ōȅ ǘƛƳŜ ƻŦ Řŀȅ ό{ŜǘǘƭŜƳŜƴǘ tŜǊƛƻŘύΣ ƻǾŜǊ ǘƘŜ ǿƘƻƭŜ ŎŀǎŜ ǎǘǳŘȅΦ .ŀǎŜ ŎŀǎŜ ōŀǘǘŜǊȅΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ scenario, parameters as shown in Table 19.   

(a) Summer, (b) Autumn, (c) Winter case studies 

 

This chart shows that on most days of the summer case study, the simulated battery exported in the morning, around SP 17, at 8am, and also in the 

early evening, around SP 39 (7pm).  Most days there was import activity during the night, most often around 2-3 am, and in the early afternoon.  On a 

few days there was activity at other times.  

All case studies show a clear night-time import, and a clear late afternoon or early evening export (the latter peaking at 7pm in summer, 6pm in 

ŀǳǘǳƳƴΣ ŀƴŘ рǇƳ ƛƴ ǿƛƴǘŜǊύΦ  {ǳƳƳŜǊ ŀƴŘ ŀǳǘǳƳƴ ŎŀǎŜ ǎǘǳŘƛŜǎ ǎƘƻǿ ŎƭŜŀǊ άн-ŎȅŎƭŜǎ ǇŜǊ Řŀȅέ ōŜƘŀǾƛƻǳǊΣ ǿƛǘƘ ŀƴ ŀŘditional morning export which 

peaks at 8am; a middle-of-the day import peak is distinct in summer and autumn, peaking at 1pm.   In winter, morning exports and midday imports 

only occurred on a few days over the whole of the simulation.  
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In all seasons, there is very little activity at other times, though small aggregated exports, 

occurring on only a few days, are seen in summer and autumn late at night, and in summer 

only, also around midday.  On around 2 days during each case study period, there is an 

additional import around 7am.  

These and similar plots are used later to facilitate comparison between simulated and real 

batteries, as discussed in Section 4.9. 

4.7.4. Other scenarios, with lower battery cycling  

The above simulations set no limit to the frequency of battery cycling.  The scenarios which 

ȅƛŜƭŘŜŘ ǘƘŜ ƭŀǊƎŜǎǘ ƻǾŜǊŀƭƭ ƴŜǘ ǊŜǾŜƴǳŜǎ όάōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎύ ƘŀŘ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊǎ ǇŜǊ 

day as shown in Table 20.  For the 1 MW / 2 MWh battery, an energy transfer of 2 MWh / day 

represents an average of one cycle / day, though it may be achieved from a combination of 

multiple part-charges.   

Table 20 Average daily battery cycles ς άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ, base case battery 

Case study Average energy delivered 

per day, MWh 

Average no. of  

battery cycles per day 

Summer 3.41 1.7 

Autumn 3.98 2.0 

Winter 2.21 1.1 

Batteries have limited lifetimes, and their long-term performance may be adversely affected 

by frequent cycling; some battery warranty conditions may stipulate cycling limits or other 

restrictions in cycling.  For example, [213] appears to stipulate an aggregate throughput of 

ŜƴŜǊƎȅ ƭŜǎǎ ǘƘŀƴ м Ŧǳƭƭ ŎȅŎƭŜ ǇŜǊ Řŀȅ ƻǾŜǊ ǘƘŜ ōŀǘǘŜǊȅΩǎ мл ȅŜŀǊ ƭƛŦŜǘƛƳŜΣ ŦƻǊ ōŀǘǘŜǊƛŜǎ ǳǎŜŘ 

under some conditions.  This section considers the average number of cycles per day of the 

different simulations.  

For the summer and autumn case ǎǘǳŘƛŜǎΣ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ƘŀǾŜ ŀǇǇǊƻŀŎƘƛƴƎ 2 

cycles per day, on average.  This is not surprising, when viewing the timeseries pattern of the 

trading price (Figure 17): most days, the wholesale price has two peaks a day, morning and 

early evening.  In contrast, the winter case study, ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ ƘŀŘ Ƨǳǎǘ ƻǾŜǊ м 

cycle per day on average.  Again, this is not surprising, given that the price timeseries shows a 

distinct one-peak-a-day pattern ς a high price peak in the late afternoon - for much of the case 

study period.   
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¢Ƙƛǎ ǿƻǊƪ ŎƻƴǎƛŘŜǊǎ άŎȅŎƭƛƴƎ ǎŎŜƴŀǊƛƻǎέ approaching or achieving 1 cycle per day as a necessary 

constraint.  The following scenarios, in Table 21, give the best compromise of reducing overall 

battery cycling to around or at a 1 battery cycle per day, and identifying a battery trading 

scenario with the highest net revenue which complies with the battery cycling constraint.   

Table 21 .ŀǘǘŜǊȅ ŎȅŎƭƛƴƎ ǎŎŜƴŀǊƛƻǎΦ  ά.Ŝǎǘ ŎŀǎƘŦƭƻǿέ ŀƴŘ ŀƭǘŜǊƴŀǘƛǾŜ ǎŎŜƴŀǊƛƻǎΣ ǿƛǘƘ ƭƻǿŜǊ ōŀǘǘŜǊȅ ŎȅŎƭƛƴƎ 

Case 

study 

season 

ά.Ŝǎǘ ŎŀǎƘŦƭƻǿέ Second choice  

άǎƻŦǘέ м ŎȅŎƭŜ ǇŜǊ Řŀȅ ƭƛƳƛǘ 

Third choice 

άƘŀǊŘέ м ŎȅŎƭŜ ǇŜǊ Řŀȅ ƭƛƳƛǘ 

Scenario 

(trading 

strategy, 

visibility 

window) 

Av. 

batt 

cycles 

/ day 

Av. daily 

net 

revenue 

£/day 

Scenario 

(trading 

strategy, 

visibility 

window) 

Av. 

batt 

cycles 

/ day 

Av. daily 

net 

revenue 

£/day 

Scenario 

(trading 

strategy, 

visibility 

window) 

Batt 

cycles 

/ day 

Av. daily 

net 

revenue 

£/day 

Summer άнр҈ κ  

ƳƻŘŜǊŀǘŜέΣ 

3 hrs 

1.70 £157 άр҈ κ 

best 

ǇǊƛŎŜέΣ  

5 hrs 

1.18 £137 άмл҈ κ 

good 

ǇǊƛŎŜέΣ  

6 hrs 

0.97 £126 

Autumn άнр҈ κ 

ƳƻŘŜǊŀǘŜέΣ 

3 hrs 

1.99 £300 άр҈ κ 

best 

ǇǊƛŎŜέΣ  

5 hrs 

1.18 £241 άмл҈ κ 

good 

ǇǊƛŎŜέΣ  

6 hrs 

0.99 £215 

Winter 
51 

άнр κ 

ƳƻŘŜǊŀǘŜέΣ 

3 hrs 

1.11 £354 άр҈ κ 

best 

ǇǊƛŎŜέΣ 

4 hrs 

1.04 £344 άпл҈ κ 

ōǳǎȅέΣ  

3 hrs 

0.97 £351 

 

Figure 31 displays the average energy exports per day, for all trading parameters considered, 

ŦƻǊ ǘƘŜ ǎǳƳƳŜǊΣ ŀǳǘǳƳƴ ŀƴŘ ǿƛƴǘŜǊ ŎŀǎŜ ǎǘǳŘƛŜǎΦ  ¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ ƭƛƴŜ ƭŀōŜƭƭŜŘ άōŀǘǘŜǊȅ 

ŎŀǇŀŎƛǘȅέ ƛǎ ǘƘŜ ƭƛƳƛǘ ƻŦ ŀǾŜǊŀƎŜ Řŀƛƭȅ ŜƴŜǊƎȅ ǘƘǊƻǳƎƘǇǳǘ ƛŦ ǎŜŜƪƛƴƎ ŀ ǎŎŜƴŀǊƛƻ ƛƴ ǿhich battery 

cycling must be limited to around 1 cycle per day on average.52   Figure 32 is the corresponding 

chart showing average daily net revenues from all trading scenarios.   

 
51 Lƴ ²ƛƴǘŜǊ ŎŀǎŜ ǎǘǳŘȅΣ ǘƘŜ άƘŀǊŘέ м-ŎȅŎƭŜ ǇŜǊ Řŀȅ ǎŎŜƴŀǊƛƻ όάпл҈ κ ōǳǎȅέύ ƎƛǾŜǎ ōŜǘǘŜǊ ǊŜǾŜƴǳŜ ǘƘŀƴ ǘƘŜ 
άǎƻŦǘέ м ŎȅŎƭŜ ǇŜǊ Řŀȅ όάр҈ κ ōŜǎǘ ǇǊƛŎŜέύ 
52 Figure 31 also illustrates that increasing the duration of the visibility window beyond about 4 hours 
(for a 2-hour battery) results in lower volume of energy transfers.  As mentioned in Section 4.7.1, this 
occurs because a longer visibility window generally has sight of both higher and lower prices, which set 

the bounds of present price which is favourable for trade.  Thus, fewer instances of current price are 
favourable for trade, and activity declines.   
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¢ƘŜ ŀƴƴƻǘŀǘŜŘ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ ŦƻǊ ŜŀŎƘ ŎŀǎŜ ǎǘǳŘȅ ǎŜŀǎƻƴ ƛǎ ŀǎ ŘŜǎŎǊƛōŜŘ ŀōƻǾŜΦ  ¢ƘŜ 

ŀƴƴƻǘŀǘŜŘ άƭƻǿŜǊ ŎȅŎƭƛƴƎέ ŀƴŘ άƭƻǿŜǎǘ ŎȅŎƭƛƴƎ ǎŎŜƴŀǊƛƻέ όƻǊ ƛƴ ǿƛƴǘŜǊ ς άŀƭǘŜǊƴŀǘƛǾŜ ƭƻǿŜǊ 

ŎȅŎƭƛƴƎ ǎŎŜƴŀǊƛƻέύ ŀǊŜ ǘƘŜ ǎŎŜƴŀǊƛƻǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ Table 21.   

¢Ƙƛǎ ŎƘŀǊǘ ǎƘƻǿǎ ǘƘŀǘ ŦƻǊ ǘƘŜ ǿƛƴǘŜǊ ŎŀǎŜ ǎǘǳŘȅΣ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ŎƭƻǎŜ ǘƻ 

ǘƘŜ ŘŜǎƛǊŜŘ άм ŎȅŎƭŜ ǇŜǊ Řŀȅέ ŎƻƴŘƛǘƛƻƴǎΤ ƘƻǿŜǾŜǊ ŦƻǊ ǘƘŜ ƻǘƘŜǊ ǘǿƻ ŎŀǎŜ ǎǘǳŘȅ ǎŜŀǎƻƴǎΣ ŀ ǾŜǊȅ 

different trading scenario would have to be selected to reduce cycling to near to 1 cycle per 

day.  For summer and autumn case studies, reducing the cycling had a significant negative 

impact on revenue accrual, as shown in Figure 32. 

¢ƛƳŜǎŜǊƛŜǎ ŎƘŀǊǘǎ ƻŦ ōŀǘǘŜǊȅ ŀŎǘƛǾƛǘȅ ǳƴŘŜǊ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ŀƴŘ ǘǿƻ ƭƻǿŜǊ-cycling scenarios 

are shown in Chapter 4 Annex 2 Annex 2.1.  In summer and autumn there are periods of lower 

ŀŎǘƛǾƛǘȅ ƛƴ ǘƘŜǎŜ ǎŎŜƴŀǊƛƻǎΣ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΦ  !ƴƴŜȄ нΦн ǎƘƻǿǎ ǘƘŜ 

plots of battery activity vs SP. These plots show that changing the scenario to reduce cycling 

reduces the amount of overall activity (i.e. peaks are lower) but the times at which import and 

export peaks occur do not change.  

¢ƘŜǎŜ ǘƘǊŜŜ ǎŎŜƴŀǊƛƻǎ όάōŜǎǘ ŎŀǎƘŦƭƻǿέΣ άƭƻǿŜǊ ŎȅŎƭƛƴƎέ ŀƴŘ άƭƻǿŜǎǘ ŎȅŎƭƛƴƎ ς hard 1 cycle per 

Řŀȅ ƭƛƳƛǘέύ ŀǊŜ ǳǎŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƘŀǇǘŜǊΣ ǿƘƛŎƘ ŎƻƳǇŀǊŜǎ ǎƛƳǳƭŀǘŜŘ ōŀǘǘŜǊȅ ŀŎǘƛǾƛǘȅ ǿƛǘƘ 

Scottish wind generation output and windfarm curtailment, and discusses possible effects of 

batteries on transmission network congestion. 
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(a) summer (b) autumn (c) winter 
Figure 31 .ŀǎŜ ŎŀǎŜ όмa² κ н a²Ƙύ ōŀǘǘŜǊȅΩǎ ŀǾŜǊŀƎŜ Řŀƛƭȅ ŜƴŜǊƎȅ ŜȄǇƻǊǘǎ Ǿǎ ƭŜƴƎǘƘ ƻŦ Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿΣ ŦƻǊ ǘƘŜ ŦƻǳǊ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜs. Best cashflow & lower cycling scenarios (a) 

summer; (b) autumn; (c) winter case studies 

 

   
(a) summer (b) autumn (c) winter 

Figure 32 .ŀǎŜ ŎŀǎŜ όмa² κ н a²Ƙύ ōŀǘǘŜǊȅΩǎ ŀǾŜǊŀƎŜ Řŀƛƭȅ ƴŜǘ ǊŜǾŜƴǳŜ Ǿǎ ƭŜƴƎǘƘ ƻŦ Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿΣ ŦƻǊ ǘƘŜ ŦƻǳǊ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜǎΦ Best cashflow & lower cycling scenarios. (a) 
summer; (b) autumn; (c) winter case studies
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4.8. Battery simulation results: part 2 ς other battery parameters (durations 

and round trips efficiency values) 

4.8.1. Batteries of other durations: 1 hour, 4 hours and 12 hours. 

Simulations were repeated for batteries of different durations.  For 1-hour and 4-hour 

batteries, the scenarios which yielded the highest accrued cashflows had broadly similar 

patterns of battery activity to those of the 2-hour batteries.   Different scenarios gave best 

cashflows: for 1-ƘƻǳǊ ōŀǘǘŜǊƛŜǎΣ ǘƘŜ άƎƻƻŘ ǇǊƛŎŜέ ƻǊ άōŜǎǘ ǇǊƛŎŜέ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜǎ όǊŜǉǳƛǊƛƴƎ 

prices nearer the maximum or minimum prices within the time horizon of foresight), with 

short visibility windows of 2-3 hours.  For the 4-hour baǘǘŜǊƛŜǎΣ άƳƻŘŜǊŀǘŜέ ƻǊ άōǳǎȅέ ǘǊŀŘƛƴƎ 

strategies gave the highest overall cashflows, in every case with a slightly longer visibility 

window of 4 hours.  

Batteries of 12-hour duration had very different patterns of behaviour, with full emptying and 

Ŧǳƭƭ ǊŜŎƘŀǊƎƛƴƎ ƻŎŎǳǊǊƛƴƎ ƻƴƭȅ ŀ ŦŜǿ ǘƛƳŜǎ ŘǳǊƛƴƎ ŜŀŎƘ ŎŀǎŜ ǎǘǳŘȅΤ ǘƘŜ άōǳǎȅέ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎȅ 

and visibility window around 10 hours gave highest simulated accrued cashflow.  Timeseries 

plots of price, battery activity and cashflows for batteries of duration 1 to 12 hours are shown 

in Chapter 4 Annex 3 (plots (a) to (d) for each case study season), with examples of results for 

autumn and winter shown below in Figure 33 and Figure 34.  Chapter 4 Annex 3 also contains 

plots of battery activity by time of day for the same batteries.  These found the same general 

diurnal pattern of activity for batteries of all durations, though activity peaks were broader for 

longer duration batteries.  In the case of winter case study, 12-hour batteries alone showed 

significant export activity during the morning and daytime in addition to the principal export 

time in late afternoon.   
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2-hour batteries 12-hour batteries 

  

(a) 2-hour battery, timeseries (b) 12-hour battery, timeseries 

  

(c) 2-hour battery, aggregate activity by SP (d) 12-hour battery, aggregate activity by SP 

Figure 33 Comparing 2-hour and 12-hour battery simulations. Autumn case study.  Both batteries 85% round-trip 

efficiency. Plots of timeseries, and of aggregate activity by Settlement Period 

 

  



138 
 

2-hour batteries 12-hour batteries 

  

(a) 2-hour battery, timeseries (b) 12-hour battery, timeseries 

  

(c) 2-hour battery, aggregate activity by SP (d) 12-hour battery, aggregate activity by SP 

Figure 34  Comparing 2-hour and 12-hour battery simulations. Winter case study. Both batteries 85% round-trip 

efficiency. Plot of timeseries, and of aggregate activity by Settlement Period 

 

4.8.2. Effect of increasing cycling losses  

Because the model only allows trades to proceed if their expected income at least covers the 

cost of round-trip losses, as described in Section  4.5.2.2, increasing round-trip losses would be 

expected to reduce the activity of the simulated battery, as with higher losses, more of the  

trades ς especially with a small difference between buy and selling prices, or when the price at 

which electricity is purchased is high - are classed as financially unviable, and so not allowed.    
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For the 12-hour batteries, simulations were performed with the 85% round trip, and also with 

70% round-trip efficiency, the latter considered more representative of likely behaviour of a 

flow battery. This increase in losses has significant effect on the bŀǘǘŜǊȅΩǎ simulated behaviour.  

Simulated battery cycles were less frequent, about once per week.  The scenarios giving the 

ōŜǎǘ ŎŀǎƘŦƭƻǿ ǘƻǘŀƭǎ ǿŜǊŜ ƛƴ ŀƭƳƻǎǘ ŜǾŜǊȅ ŎŀǎŜ ǘƘŜ άōǳǎȅέ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎȅΣ ǿƛǘƘ ƳǳŎƘ ƭƻƴƎŜǊ 

visibility windows of around 10 or around 20 hours in most cases.  The timeseries are plotted 

in Chapter 4 Annex 3 plot (e) for every case study season.  Figure 35 shows an example from 

the summer case study period.  

12 hour 85% round-trip battery 12 hour 70% round-trip battery 

  

(a) 12-hour 85% round trip battery, timeseries (b) 12-hour 70% round trip battery, timeseries 

  

(c) 12-hour 85% round trip battery, activity by SP (d) 12-hour 70% round trip battery, activity by SP 

Figure 35 Summer case study.  Effect of round-ǘǊƛǇ ŜŦŦƛŎƛŜƴŎȅ ƻƴ ŀŎǘƛǾƛǘȅ ƻŦ мн ƘƻǳǊ ōŀǘǘŜǊȅΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ 

scenario.  Plots of battery activity timeseries, and activity by Settlement Period, for 85% and 70% round-trip 

batteries.  



140 
 

For the short duration (2 hour) batteries, batteries of lower round trip efficiencies (70%, 60% 

and 50%) were modelled for the winter scenario, and compared to the base case battery of 

85% round-trip efficiency.  The results are shown in full in Chapter 4 Annex 3, Annex 3.4, with 

two examples shown below in Figure 36.  These charts show that on some days, the battery 

behaves in a similar way at all values of round-trip efficiency.  However, the battery with 

higher losses has days of inactivity, the number of which increases with round-trip losses.   The 

plot of activity by time of day shows similar generic diurnal pattern for batteries of all round-

trip efficiency values, though the frequency of activity declines as losses increase.  

2 hour 85% round-trip battery 2 hour 50% round-trip battery 

  

(a) 2-hour 85% round trip battery, timeseries (b) 2-hour 50% round trip battery, timeseries 

  

(c) 2-hr 85% round trip battery activity by SP (d) 2-hr 50% round trip battery, activity by SP 

Figure 36 Winter case study.  Effect of round-ǘǊƛǇ ŜŦŦƛŎƛŜƴŎȅ ƻƴ ŀŎǘƛǾƛǘȅ ƻŦ н ƘƻǳǊ ōŀǘǘŜǊȅΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΦ  

Plots of battery activity timeseries, and activity by Settlement Period, for 85% and 50% round-trip batteries.  
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4.8.3. Effect of battery duration on cashflows 

Table 22 lists the overall net revenues (accumulated cashflows) from batteries of different 

duration, as net revenue per day, and as net revenue per day per MWh of battery capacity.  All 

ǾŀƭǳŜǎ ŀǊŜ ŦƻǊ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ōŀǘǘŜǊȅ ŎȅŎƭƛƴƎ ǎŎŜƴŀǊƛƻǎΦ  In Chapter 4 Annex 4 a similar table, 

ƛƴŎƭǳŘƛƴƎ ōŀǘǘŜǊȅ ǘǊŀŘƛƴƎ ǇŀǊŀƳŜǘŜǊǎΣ ŀƴŘ ǿƛǘƘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǾŀƭǳŜǎ ŦƻǊ άƭƻǿŜǎǘ ŎȅŎƭƛƴƎέ ŀǎ 

ǿŜƭƭ ŀǎ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎΦ 

Table 22 Battery net revenues for different battery durations.  Best cashflow scenarios, all seasons.   

Case 

study 

season 

Battery parameters Results 

Duration, 

hrs 

Round 

-trip 

Net revenue (accumulated 

cashflow) average 

 £/ day over the whole 

case study season 

Net revenue 

(accumulated cashflow) 

per MWh batt capacity, 

average £/ day. MWh 

Battery cycling: 

Average  

battery cycles / 

day 

summer 1 85% £91.15 £91.15 1.85 

2 85% £156.74 £78.37 1.70 

4 85% £236.78 £59.20 1.39 

12 85% £296.65 £24.72 0.46 

12 70% £156.62 £13.05 0.22 

autumn 1 85% £174.63 £174.63 2.12 

2 85% £300.36 £150.18 1.99 

4 85% £427.89 £106.97 1.52 

12 85% £502.50 £41.88 0.51 

12 70% £334.95 £27.91 0.31 

winter 1 85% £208.97 £208.97 1.19 

2 85% £354.08 £177.04 1.11 

4 85% £541.23 £135.31 0.94 

12 85% £724.75 £60.73 0.50 

12 70% £441.16 £36.76 0.26 

 

Figure 37 (a) shows the net revenue per day of a 1 MW battery, for each of the case study 

ǎŜŀǎƻƴǎΣ ŀƴŘ ƛǘǎ ǾŀǊƛŀǘƛƻƴ ǿƛǘƘ ōŀǘǘŜǊȅ ŘǳǊŀǘƛƻƴΣ ǎŜƭŜŎǘƛƴƎ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ƻƴƭȅ.  

!ƭƭ Ǉƻƛƴǘǎ ƘŀǾŜ ур҈ ǊƻǳƴŘ ǘǊƛǇ ŜŦŦƛŎƛŜƴŎȅ ŜȄŎŜǇǘ ŦƻǊ ǘƘŜ άŦƭƻǿ ōŀǘǘŜǊȅέ ǇƻƛƴǘǎΣ ƭŀōŜƭƭŜŘ άCέΣ 

which have 70% round trip efficiency.  όάCƭƻǿ ōŀǘǘŜǊƛŜǎέ ŀǊŜ ƻƴƭȅ ƳƻŘŜƭƭŜŘ ŀǎ ƘŀǾƛƴƎ мн ƘƻǳǊ 

duration.)   This chart illustrates how battery net revenues increase with increasing battery 

duration, but that the increase diminishes with increasing battery duration. It also illustrates 

how net revenues varied considerably between the case study seasons.  Figure 37 (b) shows 

how the daily net revenue per MWh of battery capacity declines steeply with increasing 

battery duration.  These results are remarkably consistent across the three case study seasons, 

despite the large differences in net revenue values themselves.  
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(a) Daily net revenue vs  

battery duration 

(b) Daily net revenue per MWh battery 

capacity vs battery duration 

Figure 37 Battery net revenues vs battery duration.  Batteries 1-12 hours, 85% ́Τ  ϧ άCƭƻǿ ōŀǘǘŜǊȅέΥ мн ƘƻǳǊǎΣ тл҈ 

ʹΦ  ά.Ŝǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎΦ (a) average daily net revenue (£/day) vs battery duration; (b) average daily net 

revenue per MWh of battery capacity vs battery duration.  

 

Figure 38 is a similar plot, but all values are scaled to the applicable results (i.e. average daily 

ƴŜǘ ǊŜǾŜƴǳŜΣ ƻǊ ŀǾŜǊŀƎŜ Řŀƛƭȅ ƴŜǘ ǊŜǾŜƴǳŜ ǇŜǊ a²Ƙ ƻŦ ōŀǘǘŜǊȅ ŎŀǇŀŎƛǘȅύ ŦƻǊ ŀ άōŀǎŜ ŎŀǎŜέ н-

hour duration battery.     

 

 

 

 

(a) Daily net revenue vs battery 

duration 

(b) Daily net revenue per MWh battery 

capacity vs battery duration 

Figure 38 Ratio of battery net revenues to those of a 2-hour battery, vs battery duration.   Batteries 1-12 hours, 85% 

ʹΤ  ϧ άCƭƻǿ ōŀǘǘŜǊȅέΥ 12 hours, 70% ́Φ  ά.Ŝǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎΦ (a) average daily net revenue vs battery duration; 

(b) average daily net revenue per MWh of battery capacity vs battery duration.  
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These charts show that accrued cashflows increase with battery duration, but the increase is 

not linear.  For example, a 4-hour battery would only make around 50% more revenue than a 

2-hour battery (Figure 37a).  A 1-hour battery would perform around 20% better, in terms of 

revenue per MWh, than the 2-hour battery (Figure 38 b); a 4-hour battery would accrue 

around only 75% of the net revenue per MWh of a 2-hour battery, and a 12-hour battery (of 

85% round trip efficiency) only about 30% of the net revenue per MWh of a 2-hour battery 

(Figure 38 b).   A 12-hour battery of 70% round trip efficiency would make a similar 

accumulated cashflow to a 2-hour battery of 85% round trip efficiency (Figure 37a).  These 

results hold for all case study seasons.  These generic results ς that increasing battery duration 

brings diminishing returns:  arbitrage income per kWh of battery energy capacity decreases as 

battery duration increases -  are also reported in [95]. 

Chapter 4 Annex 4 ŀƭǎƻ ƛƴŎƭǳŘŜǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƎǊŀǇƘǎ ŦƻǊ άƭƻǿŜǎǘ ŎȅŎƭƛƴƎέ ǎŎŜƴŀǊƛƻǎΦ  ¢ƘŜǎŜ 

ǊŜǎǳƭǘǎ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǊŜǎǳƭǘǎ ǇǊŜǎŜƴǘŜŘ ŀōƻǾŜΣ ōǳǘ ǿƛǘƘ ǎƭƛƎƘǘƭȅ ŘƛƳƛƴƛǎƘŜŘ 

ŜŦŦŜŎǘ ƻŦ άƘƛƎƘŜǊ ƴŜǘ ǊŜǾŜƴǳŜǎ ǇŜǊ a²Ƙ ŦƻǊ ǎƘƻǊǘŜǊ ŘǳǊŀǘƛƻƴ ōŀǘǘŜǊƛŜǎέΦ  ¢Ƙƛǎ ǊŜŘǳŎŜŘ effect is 

likely to be because limiting battery cycling to 1 battery cycle per day significantly reduces the 

net revenues of 1 hour and 2 hour batteries, has a small effect on those of 4 hour batteries 

(summer and autumn only) and no effect on 12 hour batteries.    

It is clear that an owner of multiple short-duration batteries would make significantly higher 

revenues by operating the batteries coincidentally than sequentially.  This particularly applies 

to 12-ƘƻǳǊ ōŀǘǘŜǊƛŜǎΣ ƻŦ ǿƘƛŎƘ ƳǳŎƘ ƻŦ ǘƘŜ ǎǘƻǊŜŘ ŜƴŜǊƎȅ ǿŀǎ άǊŜŘǳƴŘŀƴǘέ ŦƻǊ ƭŀǊƎŜ ŘǳǊŀǘƛƻƴǎ 

of the case study periods.   

 

4.9. ±ŀƭƛŘŀǘƛƻƴΥ ŎƻƳǇŀǊƛǎƻƴ ǿƛǘƘ άǊŜŀƭ ōŀǘǘŜǊƛŜǎέ ƛƴ D. 

 

4.9.1. Overview  

As described earlier in Chapter 3, 2022 BM data list 23 battery units which participated in 

wholesale trading during 2022.  Of these, most commenced activity during 2022, and 21 had 

activity during one or more of the case study periods, with more batteries becoming active 

later in the year.  

Many of the batteries engaged in only low-power trades (i.e. of power significantly lower than 

their maximum FPN that year), and some solely or predominantly in either imports or exports, 
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during part or even all of their active periods, as illustrated in Chapter 3 Annex 4, examples 

including Roosecote, Port of Tyne, Kemsley and Pen y Cymoedd batteries.  However, others 

had distinct short-duration import and export activities, at least some of the time, which are 

compared with battery simulations below.   

Neither the maximum power, nor the duration, of any of the batteries is known for certain.  

For maximum power, the larger value of the maximum import or export that occurred during 

2022 is taken to represent Pmax.  Regarding duration, many exhibit short duration peaks 

consistent with a duration of around 2 hours, (or in some cases, lower-power activities for a 

few hours) and this is the battery simulation against which they are compared.   

 

4.9.2. Timeseries plots   

Several of the batteries engaged in imports and exports once or twice a day, some of which 

were at or approaching full power (for that battery)53, some of which were of lower power, as 

illustrated in Chapter 3 Annex 4.  Some batteries engaged in trades on some days but not 

others, while others on some days had numerous trades.    

Some of the batteries had patterns of imports and exports which were reasonably close to the 

battery model simulations, examples of which are shown in Figure 39 (autumn, most days 2-

cycles/ day) and Figure 40 (winter, most days 1 cycle/ day).  In both examples, both simulated 

and selected real batteries engaged in night-time imports and early evening exports every day, 

and on some days, also an additional export in the morning, and an import in the middle of the 

day.  Other examples are shown in Chapter 4 Annex 5, which shows a mixture of batteries with 

similar and different patterns of activity.  

In all cases, the real battery FPNs are scaled to their maximum FPN (the larger of max import 

or max export) that occurred during 2022.  

  

 
53 Full power for a BMU battery is taken here as the magnitude of the larger of its highest FPN import or 

export during 2022.  The interested reader is directed to the previous introduction of these data in 

Section 3.3.3.  
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(a)      (b) 

Figure 39 Autumn case study, week 4.  Comparison of (a) battery simulation, and (b) Cowley and Hawkers Hill 

batteries FPNs (scaled to max output)54 

 

    
(a)      (b) 

Figure 40 Winter case study, week 4. Comparison of (a) battery simulation, and (b) Pillswood 1 battery FPNs (scaled 
to max output) 

 
54 Battery simulations are in European time (CET / CEST) as the timezone of the price data, 1 hour ahead 
of UK clock time.  Thus, the time 00:00 for the battery is the same as 23:00 for the actual batteries.  

16 October: Both batteries performed 

the one cycle/ day (night-time import, 

late afternoon export) that is 

simulated. 

Most days the battery performed 

night time import and early evening 

export, as simulated.  

17-23 October: On most days, one or both 

batteries performed 2 cycles / day (with 

additional morning export and midday 

import), as simulated. 

12 December ς the battery had an 

additional daytime cycle (morning 

export, midday import), as simulated.  
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4.9.3. Activity by Settlement Period ς a few individuals   

Aggregate activity of the batteries, displayed by Settlement Period, was prepared, showing 

similar plots to those in Section 4.7.3., with two examples below shown in Figure 41 and Figure 

42, below. 

For some of the batteries, the pattern of battery activity by SP for a case study season is similar 

to that in the battery simulations.   

For the real batteries, for both import and export, for each 35-day case study season:  

 ὥὫὫὶὩὫὥὸὩ ὴέύὩὶ Ὢὰέύ ὧὥίὩ ίὸόὨώ ίὩὥίέὲȟὛὖ

ίόά έὪ ὥὰὰ ὓὡὪὰέύί έὺὩὶ ὸὬὩ συ Ὠὥώί Ὓὖ 
(4.50) 

 ὖάὥὼÍÁØ ÍÁØὓὡ ὭάὴέὶὸȟςπςςȟÍÁØὓὡ Ὡὼὴέὶὸȟςπςς (4.51) 

 άὥὼὭάόά ὴέίίὭὦὰὩ ὥὫὫὶὩὫὥὸὩ Ὥάὴέὶὸ έὶ Ὡὼὴέὶὸ Ὓὖ ὖάὥὼzσυ (4.52) 

   

So ὦὥὸὸὩὶώ ὥὧὸὭὺὭὸώ ὥί ὥ ὪὶὥὧὸὭέὲ έὪάὥὼὭάόά ὴέίίὭὦὰὩ ὭάὴέὶὸȟὩὼὴέὶὸȟὛὖ

ὥὫὫὶὩὫὥὸὩ ὴέύὩὶὪὰέύὛὖ

άὥὼὭάόάὴέίίὭὦὰὩ ὥὫὫὶὩὫὸὩ ὴέύὩὶὪὰέύ

ὥὫὫὶὩὫὥὸὩ ὴέύὩὶὪὰέύὛὖ

ὖάὥὼzσυὨὥώί
 

(4.53) 

In Figure 41 and Figure 42, the battery activity have been smoothed from half-hour to 1-hour 

resolution, for better comparison with the simulation, which is has 1-hour timesteps.  

Similar charts for other grid-connected BMU batteries are displayed in Annexes to Chapter 4 

Annex 6.  

These charts show clear pattern of night-time imports and late afternoon / early evenings 

exports on most days, in all seasons.  The summer and autumn  examples show additional 

morning export and midday imports on most days. 

¢ƘŜ ǘƛƳŜǎ ƻŦ Řŀȅ ŀǘ ǿƘƛŎƘ ǘƘŜǎŜ ōŀǘǘŜǊƛŜǎΩ ƛƳǇƻǊǘǎ ŀƴŘ ŜȄǇƻǊǘǎ ƻŎŎǳǊǊŜŘΣ ŀƴŘ ƴǳƳōŜǊ ƻŦ ǘƛƳŜǎ 

per day of such energy flows, were broadly in agreement with the energy flows simulated for 2 

hour batteries.  
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(a) (b) 
Figure 41 Summer: aggregate imports and exports by SP, (a) Pen y Cymoedd battery (1-hour resolution), and (b) 2-

hour battery simulation (highest revenue scenario) as shown in Figure 30 

    

  

(a) (b) 

Figure 42 Winter: aggregate imports and exports by SP, (a) Pillswood 1 battery (1-hour resolution, as shown above 

in  Figure 40), and 2-hour battery simulation (highest revenue scenario) as shown in Figure 30 

The main difference between the real batteries and the simulations is the volume of aggregate 

import and export over the 35 days is much lower, compared to the simulated values.  Many 

real batteries had days or weeks of low activity, or were active at lower than full power, for 

much or all the time. (This observation of BMU batteries is illustrated in the battery timeseries 

charts, displayed in the previous chapter, Chapter 3 Annex 4. Reasons could include 

engagement in other activities, or differences in business models, or technical or financial 

constraints, which may include degradation avoidance.  The range of activities seen and 
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options for BMU batteries in 2022 was introduced in Section 3.3.3 and discussed briefly in 

/ƘŀǇǘŜǊ оΩǎ conclusion, Section  3.7.)  

 

4.9.4. Activity over time of day ς batteries  

 An analysis of plots, as above, of all batteries was made, comparing the main import and 

export actions, and the time of day they normally occurred at.  

Some batteries were initially eliminated from this analysis, for reasons of a large imbalance 

between volume of import and export FPNs, and others because of having BM trades 

comparable or exceeding the FPN volumes, as tabulated in Table 23 with further details in 

Annexes to Chapter 4 Annex 7.  

Table 23 Number of GB batteries active during 2022 case study seasons 

 

 

 

 

 

 

There are some differences between simulations and real batteries, principally in winter, with 

over half of the real batteries engaging in daytime import, which were simulated to occur only 

occasionally, in addition to the evening export and night time import.  A minority of real 

batteries also engaged in imports or exports at other times, in all seasons, which are simulated 

to rarely occur.   

Nevertheless, there is good enough agreement between enough features to have confidence 

that this simulation is a reasonable expression of activity that a battery could realistically 

engage in.   

  

Case study 

season 

Number of 

batteries 

with some 

activity 

Number of batteries eliminated 

from further study: 

FPNs (MWh) of imports and 

exports differed by over a factor 

of 5 

Number of batteries 

retained for further 

study 

Summer 14 9 5 

Autumn 13 4 9 

Winter 21 4 17 
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Table 24 shows that there is generally good agreement between the broad diurnal patterns of 

battery activity in real batteries, and in the simulations.   

There are some differences between simulations and real batteries, principally in winter, with 

over half of the real batteries engaging in daytime import, which were simulated to occur only 

occasionally, in addition to the evening export and night time import.  A minority of real 

batteries also engaged in imports or exports at other times, in all seasons, which are simulated 

to rarely occur.   

Nevertheless, there is good enough agreement between enough features to have confidence 

that this simulation is a reasonable expression of activity that a battery could realistically 

engage in.   
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Table 24 Comparison of simulations with real battery behaviour: activity by SP 

Diurnal 

activity 

features 

Simulations Numbers and percentages of real batteries 

whose actions  agreed with the simulated 

feature (or absence of feature)  

Time of day Summer Autumn Winter Summer Autumn Winter 

Total no. 

batts = 5 

Total no. batts = 

9 

Total no. batts 

= 17 

No. %  No. % No. %  

Night-time 

import 

Strong 

peak 

Strong 

peak 

Strong 

peak 

5/5 100% 9/9 100% 17 100% 

Morning time 

export 

Strong 

peak 

Strong 

peak 

Slight 

peak 

5/5 100% 9/9 100% 15 88% 

Daytime 

import 

Strong 

peak 

Strong 

peak 

Min-

imal 

activity 

5/5 100% 7/9 77% 4 24% 

Late 

afternoon/ 

early evening 

export 

Strong 

peak 

Strong 

peak 

Strong 

peak 

5/ 5 100% 9/9 100% 17 100% 

Other import Very 

little 

Very 

little 

Very 

little 

4/5 80% 8/9 89% 14 82% 

Other export Very 

little 

Very 

little 

Very 

little 

3/5 60% 6/9 67% 13 76% 

 

4.10. Discussion  

4.10.1. The model, its limitations, and possible improvements  

There are numerous different approaches to modelling the behaviour of a battery, as 

described in Section 4.2.  The use of an agent-based formulation has facilitated the running of 

multiple scenarios, from which a small selection has been chosen to illustrate examples of 

choices a rational battery agent might make.  As this study concerns wholesale trades only, 

which occur over a matter of hours and days, the simplifications of the power-energy model 

are much less critical than for studies of battery actions over much faster timescales, such as 

provision of a fast frequency response service, or a combination of trades and faster services.  

There are limitations of this model.  A major one is that it runs with fixed battery parameters 

for a whole simulation.  In the winter case study especially, there were several distinct and 

different patterns of wholesale price, during which different battery trading parameters 

(visibility window, trading strategy) may have yielded better net revenues.  Functionality to 
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change battery parameters during a run would be a useful improvement to add to the model, 

if work was to be continued.  

! ǎŜŎƻƴŘ ƭƛƳƛǘŀǘƛƻƴ ƛǎ ǘƘŀǘ ǘƘŜ ōŀǘǘŜǊȅ ǘǊŀŘŜǎ ŀǎ ǎƻƻƴ ŀǎ ǘƘŜ ǇǊƛŎŜ ƛǎ άŦŀǾƻǳǊŀōƭŜέΣ ŎƻƳǇŀǊŜŘ ǘƻ 

prices over the next few hours, or whatever length of visibility window is used.  In particular, 

ǿƛǘƘ ǎƘƻǊǘ Ǿƛǎƛōƛƭƛǘȅ ǿƛƴŘƻǿǎΣ ǇǊƛŎŜǎ Ƴŀȅ ōŜŎƻƳŜ άƳƻǊŜ ŦŀǾƻǳǊŀōƭŜέ ŀ ƭƛǘǘƭŜ ƭŀǘŜǊΣ ŜǎǇŜŎƛŀƭƭȅ 

concerning imports during the night, during which prices tend to be low for about 6 hours.  

Thus, a short-duration battery may import early in the night, and be unable to take advantage 

of later, slightly better prices.   However, high price events tend to be of short duration, often 

around two hours, in the late afternoon or early evening, during which immediate full-power 

ŜȄǇƻǊǘ ǿƻǳƭŘ ƴƻǊƳŀƭƭȅ ōŜ Ƴƻǎǘ ŦƛƴŀƴŎƛŀƭƭȅ ǊŜǿŀǊŘƛƴƎ ŀǇǇǊƻŀŎƘΦ  ¢ƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ 

is the one with aggregate best net revenues, and may be sub-optimal for either or both of 

imports or exports.  Introduction of different trading parameters governing purchases and 

sales of electricity might slightly improve cashflows.  

¢ƘŜ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜǎΣ ŜƴŀōƭƛƴƎ ƛƴǎǘǊǳŎǘƛƻƴǎ ǘƻ ǘǊŀŘŜ ŀǘ ŘƛǎŎǊŜǘŜ ŦǊŀŎǘƛƻƴǎ ƻŦ άƳŀǊƪŜǘ ǇǊƛŎŜ 

ƎŀǇέΣ ŀǊŜ ǎŜƭŜŎǘŜŘ ŦǊƻƳ ŀ ŎƘƻƛŎŜ ƻŦ ŦƻǳǊ ŦǊŀŎǘƛƻƴǎΦ  !ƴ ƻǇǘƛƳƛǎŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ ǿƻǳƭŘ ǇǊƻōŀōƭȅ 

find a combination of trading strategy and visibility window that lies between those 

investigated here.  For the 2-hour duration batteries, the small difference in accrued cashflow 

ōŜǘǿŜŜƴ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜ ōŜǘǘŜǊ ǎŎŜƴŀǊƛƻǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ǾŜǊȅ άƻǇǘƛƳŀƭέ ǘǊŀŘƛƴƎ ǎŎŜƴŀǊƛƻ 

ǿƻǳƭŘ ōŜ ƭƛǘǘƭŜ ŘƛŦŦŜǊŜƴǘ ǘƻ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴario chosen.  The fact that the resultant 

άōŜǎǘ ǎǘǊŀǘŜƎȅέ describing appetite for trading, is ƻƴŜ ƻŦ ǘƘŜ άƳƛŘ-ǊŀƴƎŜέ ǎǘǊŀǘŜƎƛŜǎ (i.e. not 

άōǳǎȅέΣ ƴƻǊ άǿŀƛǘ ŦƻǊ ōŜǎǘ ǇǊƛŎŜέ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜǎΣ ōǳǘ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ strategy, άƳƻŘŜǊŀǘŜέΣ 

as described in Section 4.4.3) ŀƭǎƻ ƎƛǾŜǎ ŎƻƴŦƛŘŜƴŎŜ ǘƘŀǘ ŀƴ άƻǇǘƛƳǳƳ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ 

ǿƻǳƭŘ ƴƻǘ ŘƛŦŦŜǊ ƎǊŜŀǘƭȅ ŦǊƻƳ ǘƘŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ŎƘƻǎŜƴ ƘŜǊŜΦ  Lƴ ŎƻƴǘǊŀǎǘΣ ƘƻǿŜǾŜǊΣ 

results for 12-ƘƻǳǊ ōŀǘǘŜǊȅ ƛƴ Ƴƻǎǘ ŎŀǎŜǎ ŦƻǳƴŘ ōŜǎǘ ŎŀǎƘŦƭƻǿǎ ǿƛǘƘ ǘƘŜ άōǳǎȅέ ǘǊŀŘƛƴƎ 

strategy, instructing buying and selling at prices <=40% and >= 60% of the market price gap, 

respectively.  For such longer duration batteries (or other storage assets), further work could 

ƛƴǾŜǎǘƛƎŀǘŜ ƻǘƘŜǊ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎƛŜǎΣ ǿƛǘƘ ōǳȅƛƴƎ ƛƴǎǘǊǳŎǘŜŘ ōŜǘǿŜŜƴ нр҈ όǘƘŜ άƳƻŘŜǊŀǘŜέ 

ǎǘǊŀǘŜƎȅέύ ŀƴŘ рл҈ όƴƻǘ ƛƴǾŜǎǘƛƎŀǘŜŘύΣ ǘƻ ǎŜŜƪ ǇƻǎǎƛōƭŜ ƛƳǇǊƻǾŜƳŜƴǘǎ ƛƴ ƴŜǘ ǊŜǾŜƴǳŜǎΦ  

A key limitation of this work is that little is done to include the effects of any ongoing 

degradation, or battery actions to avoid it.  With batteries having an expected lifetime of 

several years, little degradation is expected to occur within the space of a 5-week case study 

investigated here, so the above results are considered valid.  However, a longer term study, 
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over a year or more, ought to factor in likely reduction in function.  Regarding possible 

operational choices seeking to reduce degradation, this work has included the sensitivity of a 

άƭŜǎǎ ŎȅŎƭƛƴƎέ ǎǘǊŀǘŜƎȅΣ ǿƘƛŎƘ Ƙŀǎ ŀǇǇǊƻŀŎƘƛƴƎ ƻƴƭȅ ŀ ǎƛƴƎƭŜ cycle per day on average.  Further 

work investigating other approaches to degradation avoidance would be useful.   

Nevertheless, despite all limitations, the reasonably good agreement between the simulations 

and some of the real batteries in Section 4.9 gives further confidence that this model is 

adequate to give a network or system operator an indication of the kinds of actions it could 

expect from batteries.  

A further point to note is that this work is all done on hourly resolution day ahead price data.  

Real batteries can choose which platforms to trade in, including half-hourly duration in-day 

markets.  A brief study of sections of the winter case period, during which limited data from in-

day platforms were also available, suggested that slightly higher revenues could be made on 

in-day, as opposed to day-ahead markets, but there was a risk ς such as one occasion when a 

major price spike was absent from one of the in-day platforms55.  So in short, these results may 

slightly under-estimate potential battery cash flows, for batteries able and choosing to use 

other platforms. 

  

4.10.2. Behaviour of a rational battery, engaged in wholesale trades  

In all cases, the trading strategy was identified which resulted in the highest overall net 

revenue, for the battery of given parameters, for a single season.  This would appear to be the 

activity a rational battery would undertake, if engaging in wholesale trades.   In several cases, 

however, simulations for a particular battery and season using several different trading 

strategies yielded similar financial results, but with some differences in battery actions.  A 

rational battery could opt for any of these: potentially a slight reduction in cycling behaviour, 

or perhaps uncertainties in prices, may make slightly lower cashflow scenarios of greater 

overall benefit.  Thus, there is not always a single answer for expected battery behaviour.  The 

 
55 There was a major price spike around 5pm (UK time) on 28 and 29 Nov 2022: present on Nordpool 

ŀƴŘ 9t9·Ωǎ Řŀȅ-ŀƘŜŀŘ ŀǳŎǘƛƻƴΣ ŀƴŘ 9t9·Ωǎ ƛƴǘǊŀŘŀȅ ŀǳŎǘƛƻƴ ǇƭŀǘŦƻǊƳǎΣ ōǳǘ ŀōǎŜƴǘ ƻƴ 9t9·Ωǎ Ŏƻƴǘƛƴǳƻǳǎ 

intraday trading platform.   
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availability of multiple trading platforms with slight price differences introduces further scope 

for differences in battery activity.   

IƻǿŜǾŜǊΣ ōƻǘƘ ǎƛƳǳƭŀǘŜŘ ŀƴŘ ǊŜŀƭ ōŀǘǘŜǊƛŜǎΩ ŀŎǘƛƻƴǎ ǎƘƻǿŜŘ ŀ ǎǘǊƻƴƎ ŘƛǳǊƴŀƭ ǇŀǘǘŜǊƴΣ ǿƛǘƘ 

night-time imports and early evening exports of energy most days.  During the summer and 

autumn case studies, an additional morning export and midday / early afternoon import of 

energy occurred on many days.  This pattern was robust in battery simulations across all 

battery durations, round-trip efficiencies, and scenarios of limited battery cycling investigated, 

though batteries with greater losses, or limitations on cycling frequency, did not trade every 

day.  Similar patterns were observed for many of the real grid-connected batteries, though 

with examples of real batteries performing both 1-cycle-a-day and 2-cycles-a-day at all 

seasons.     

If seeking to restrict battery cycling rates to protect battery long-term health, or to comply 

with warranty conditions, activity with less frequent cycling may be desirable, even when it 

would accrue lower overall net revenue.  For the summer and autumn case study seasons, 

ǿƛǘƘ ŀ ǿƘƻƭŜǎŀƭŜ ǇǊƛŎŜ ǇŀǘǘŜǊƴ ƻŦ άн ǇŜŀƪǎ ǇŜǊ Řŀȅέ ƻƴ Ƴŀƴȅ ŘŀȅǎΣ ŀƴȅ ƴŜŜŘ ǘƻ ǊŜŘǳŎŜ ŎȅŎƭƛƴƎ 

of the batteries to around 1 cycle per day on average would reduce cashflows compared to the 

άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΣ ŀƴŘ ǿƻǳƭŘ ǊŜǎǳƭǘ ƛƴ ŀ ǎƛƎnificantly different pattern of battery 

behaviour.  This was much less the case during the winter case study, when the wholesale 

ǇǊƛŎŜ ǇŀǘǘŜǊƴ ǿŀǎ άн ǇŜŀƪǎ ŀ Řŀȅέ ƻƴ ǎƻƳŜ Řŀȅǎ ōǳǘ ƳƻǊŜ ƻŦǘŜƴ άм ǇŜŀƪ ŀ ŘŀȅέΦ   LŦ ƻǾŜǊŀƭƭ 

cycling is to be limited, incomes might be maximised by allowing high cycling rates at times of 

high price volatility, for example early in the autumn case study period, and to restrict or 

abstain from trading at other times, for example during the summer case study period, when 

in-day price variations were much smaller, and much smaller overall revenues could be 

accrued.  Depending on the battery business model and requirements for a steady cash-flow, 

even differences in battery behaviour from year to year could be advantageous, such as 

allowing greater activity during a year with more volatile prices (such as 2022) and restricting 

activity during years of relatively calm prices (for example, 2020).  Such a strategy inevitably 

would entail risk of inaccurate forecasts of future wholesale prices.  

Actions of batteries of 1-п ƘƻǳǊǎΩ ŘǳǊŀǘƛƻƴΣ ǿŜǊŜ ōǊƻŀŘƭȅ ǎƛƳƛƭŀǊ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊ ŀǘ ŜŀŎƘ ǎŜŀǎƻƴ 

όǾƛŜǿƛƴƎ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎύΣ ōǳǘ ǘƘƻǎŜ ƻŦ мн-hour duration batteries (intended to 

represent a flow battery) had significantly different patterns of actions.   
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Simulated financial returns from a battery engaged in wholesale trades are greatest, per MWh 

of battery energy capacity, for batteries of the shortest duration (1 hour), as shown in Section 

4.8.3.    Thus an owner of multiple 1-hour or 2-hour batteries would gain greater returns by 

operating them coincidentally rather than sequentially.  If it is a system need to have storage 

assets of 4 ς 12 hour duration, this investigation suggests that wholesale trades alone may not 

be lucrative, unless their O&M and financing cost per MW is within 150% - 200% that of 2-hour 

batteries (as shown in Figure 38 and  

Table 22ύΣ ŀǎǎǳƳƛƴƎ ōŀǘǘŜǊƛŜǎ Ŏŀƴ ŎȅŎƭŜ ǘǿƛŎŜ ŀ Řŀȅ ŀƴŘ ŜŀǊƴ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎΦ  

The financial advantage of using 1-hour or 2-hour batteries, rather than of longer duration56, is 

less pronounced in scenarios where cycling is restricted, as shown in Chapter 4 Annex 4, Figure 

144 and Figure 145, which display battery revenues vs battery duration.     

Assuming the round-trip efficiency parameters for solid (representing lithium ion or similar) 

and flow batteries to be as modelled (85% and 70% respectively, including ancillary 

equipment) a 12-hour flow battery would make little more net revenue than a solid 2-hour 

ōŀǘǘŜǊȅΤ ŀ Ŧƭƻǿ ōŀǘǘŜǊȅΩǎ ŦƛƴŀƴŎƛŀƭ Ǿƛŀōƛƭƛǘȅ ǿƻǳƭŘ ǊŜǉǳƛǊŜ ƛǘǎ hϧa Ŏƻǎǘǎ όƛƴŎƭǳŘƛƴƎ ƭƻŀƴ 

repayment) to be comparable with those of the 2-hour solid battery.  Thus, if storage assets 

operating over 4-12 hours are deemed a system need, the above analysis suggests that current 

wholesale price patterns do not give strong incentives for privately owned batteries to provide 

it, unless their costs per MW are comparable with those of shorter duration batteries.  Some 

kind of local or national flexibility product or ancillary service may be needed to incentivise 

their deployment.  

 

4.10.3. Comparison of wholesale trades with other activities 

Wholesale trades are one out of several different revenue-earning activities batteries could 

engage in, as described in Chapter 3.   

The durations of the real grid connected batteries are not known, but their activity profiles 

suggest they were all short duration, around 1-2 hours.   During the summer case study period, 

very high revenues were available from provision of frequency response services, far 

 
56 Limiting battery cycling to 1 cycle per day had no effect at all on 12 hour batteries: Table 22 shows 
ǘƘŜƛǊ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ Ƙŀǎ ƻƴ ŀǾŜǊŀƎŜ ƭŜǎǎ ǘƘŀƴ м ŎȅŎƭŜ κ ŘŀȅΦ  
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exceeding those from wholesale trades.  It is a little surprising that there was any indication of 

batteries engaging in wholesale trades during that period at all, potentially indicating a barrier 

or delay to some batteries fulfilling the registration process with the ESO, a necessary 

prerequisite to response service provision.  In contrast to the summer case study period, net 

revenues from wholesale trades for a 2-hour battery in autumn and winter compare 

favourably with those from frequency response services, as shown in Table 25.   

Table 25 Comparison of overall net revenues from wholesale trades and frequency response services 

 Wholesale trades, overall net revenue, 

όάōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎύ 

 £/day.MW (Table 21 and  

Table 22)  

Highest revenue ς frequency response 

provision (Table 8, Chapter 357 ) 

1-hour 

battery 

2 hour 

battery 

4-hour 

battery 

Most lucrative 

response service 

Revenue, 

£/day.MW 

Summer £91 £157 £237 DCL £848 

Autumn  £175 £300 £428 DCL £280 

Winter £209 £354 £541 DRL £272 

The revenues from frequency response service in Table 25 are correct for the best-performing 

single frequency response  service, but during the autumn and especially the winter case study 

period, underestimate possible earnings an astute provider could make, by offering different 

response services at different times of day, and on different days, as discussed in Chapter 3.  

Thus, during the autumn, the owner of a 2-hour battery may make similar overall revenues 

from frequency response provision and wholesale trades.  In winter, the larger gap between 

overall cashflows from frequency response (single service) and wholesale trades suggests that 

wholesale trades are probably a little more lucrative.  So battery trades would be fairly likely to 

occur during autumn and winter case studies, though batteries may be expected to jump 

between provision of different activities e.g. frequency response, on different days, and even 

in-day.  

For any batteries of 1 hour duration, wholesale trades appear unattractive in all seasons, 

compared to frequency response, though by a smaller margin in winter.  For any 4 hour 

batteries, however, wholesale trades would appear a significantly better option in autumn and 

winter than frequency response services. 

 
57 This is the highest revenue from offering a single service, e.g. DCL, for every EFA block and on every 
day.  Higher earnings may be accrued if it is possible to switch between services.  
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Capacity Market is a useful additional revenue stream for batteries successful at CM auction.  

This revenue stream requires little difference in battery activity; batteries so engaged would be 

able to engage in wholesale trades, except during the rare occurrence of the issue of a 

Capacity Market Notice.   

5¦ƻ{ ŎǊŜŘƛǘǎ ŦƻǊ ŜȄǇƻǊǘǎ ŀǘ άǊŜŘ ōŀƴŘέ ǘƛƳŜǎΣ ŦƻǊ ōŀǘǘŜǊƛŜǎ ŎƻƴƴŜŎǘŜŘ ŀǘ I± ƭŜǾŜƭΣ ŀƴŘ ƛƴ 

exceptional cases at EHV level, would also combine very well with wholesale trades, because 

the times of day requiring battery exports for DUoS credits tend to have high wholesale prices 

at the same times, also encouraging exports.  For batteries located in southern England or 

South Wales, TNUoS (Embedded Export) credits, for exports during winter afternoons / early 

evenings, activity that wholesale price patterns would also encourage, could be a useful 

additional revenue stream.  Similar benefits, for avoidance of TNUoS and DUoS demand 

charges, could be gained for suitably-ƭƻŎŀǘŜŘ ōŀǘǘŜǊƛŜǎ ŎƻƴƴŜŎǘŜŘ άōŜƘƛƴŘ ǘƘŜ ƳŜǘŜǊέ ƻŦ ŀ 

large demand site, as described in Chapter 3.   

DSO flexibility services may have been an option in some localities, though current prices 

suggest that incomes would have been modest.  

Thus, batteries would have been likely to engage in wholesale trades, especially later in the 

year, both as a sole activity and also in in combination with other activities.  Frequency 

response services were a more lucrative alternative during the summer case study, and 

remained an alternative option later in the year, with returns varying between days and at 

times of day.   

Thus, it is not surprising that many of the real GB batteries showed similar behaviour to the 

simulations at some times, while at other times displayed different behaviours.   

 

4.11. Conclusions 

A rational battery could well be expected to engage in wholesale trading activity, either as its 

sole activity, or in combination with other activities, especially during the autumn and winter 

case study seasons, when financial returns from trades are comparable with or exceed 

alternatives.   
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Despite limitations of the model discussed above, and potential improvements which would 

benefit it, this battery model is adequate for its intended purpose: to inform network owners, 

planners, and system operator about potential likely actions of batteries.  

While there is no single answer as to what a rational battery would do, even one engaged in 

ǿƘƻƭŜǎŀƭŜ ǘǊŀŘŜǎΣ ōƻǘƘ ǎƛƳǳƭŀǘŜŘ ŀƴŘ ǊŜŀƭ ōŀǘǘŜǊƛŜǎΩ ŀŎǘƛƻƴǎ ǎƘƻǿŜŘ ŀ ǎǘǊƻƴƎ ŘƛǳǊƴŀƭ ǇŀǘǘŜǊƴΣ 

with one or two imports and exports most days, at consistent times of day.    

The results show marked differences in cashflows and battery behaviours between case study 

seasons.  Depending on business model, it may be advantageous to use a battery more actively 

at times of volatile wholesale prices, when high net revenues from trades are possible, and less 

actively, or for other activities, at times of low variations in wholesale prices.   

Simulated financial returns from a battery engaged in wholesale trades are greatest, per MWh 

of battery energy capacity, for batteries of the shortest duration, 1 -2 hours, which would 

incentivise an owner of multiple 1-hour or 2-hour batteries to operate them coincidentally 

rather than sequentially.  If it is a system need to have storage assets of 4 ς 12 hour duration, 

this investigation suggests that wholesale trades alone may not be lucrative, and additional 

financial support may be needed.   

This work paves the way for investigation into the effect a rational battery, engaged in 

wholesale trades, would have on electricity network congestion.   

Chapter 5 investigates potential effects of battery activity on network congestion at 

Transmission level, using Scotland as a case study.  This chapter investigates how simulated 

battery activity coincided with differing levels of wind generation availability and wind 

generation curtailment in Scotland, during the case study periods described above.  

Chapter 6 investigates potential effects of battery activity on congestion at Distribution level, 

using six case study locations in southern Scotland.  The effect of simulated battery activity on 

demand-driven import flows, and on wind generator-driven export flows, is examined, during 

the same case study periods.  
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5. Chapter 5.  Batteries, wind and transmission network flows: a 

Scottish case study.  

 

Chapter summary 

This work investigates the likely impact of battery activity on transmission congestion, 

using Scotland as a case study; here, transmission network constraints at times of high 

wind outpǳǘ ŀǊŜ ŎƻƳƳƻƴΦ  ¢Ƙƛǎ ǿƻǊƪ ƛƴǾŜǎǘƛƎŀǘŜǎ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ άa rational battery, 

engaged in wholesale trades, will not export at times of high wind energy availability in 

Scotland, nor will it add to network congestionέΦ   

Using the battery model, the three 2022 case study seasons and real price data described 

in the previous chapter, simulated battery activity timeseries are compared to wind 

availability timeseries of Scottish wind generators which participate in the Balancing 

Mechanism.  Aggregate durations of battery imports and exports, at different conditions of 

wind, are enumerated.  This work found against the hypothesis: battery imports and also 

exports would be expected at all conditions of wind, including high wind conditions during 

which curtailment of wind generators is common or continuous.  This result holds for all 

case study seasons, for batteries of duration between 1 and 12 hours, operating under a 

άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻΣ ŀƴŘ ŀƭǎƻ ŦƻǊ н-hour duration batteries operating under two 

άƭƻǿŜǊ ŎȅŎƭƛƴƎέ ǎŎŜƴŀǊƛƻǎΦ    

Under all conditions of wind, diurnal variations in price occurred most days, providing 

opportunities for a storage asset to trade and accrue revenue.  Battery exports at times of 

high wind will add to network congestion.  Network planners and the ESO must allow for 

the possibility that batteries or other storage assets, and indeed other generators, if 

located in Scotland and engaged in wholesale trades, may add to network congestion.   

This work highlights the importance of suitable price signals if storage and other network 

users are to aid rather than hinder network operation.  

  



159 
 

5.1. Introduction 

The context for this work is in Scotland, the northernmost home nation of the island of Great 

Britain, and whose electricity system forms the northern part of the GB-wide synchronous 

electrical power system and single electricity trading area. 

{ŎƻǘƭŀƴŘΩǎ ŀōǳƴŘŀƴǘ ǿƛƴŘ ǊŜǎƻǳǊŎŜ ŀƴŘ its areas of sparse population, together with UK and 

{ŎƻǘǘƛǎƘ DƻǾŜǊƴƳŜƴǘǎΩ ǇƻƭƛŎȅ ƳŜŀǎǳǊŜǎ ŜƴŎƻǳǊŀƎƛƴƎ ǊŜƴŜǿŀōƭŜǎΣ ƘŀǾŜ ǊŜǎǳƭǘŜŘ ƛƴ ƻǾŜǊ мл D² 

of wind deployment  Table 26 [214]ς[216].   Scotland is home to 8.3% of the population of 

Great Britain [217], with current peak gross electrical demand of 4 GW, expected to rise to 6 

GW by 2030 [218].  Thus at times of high wind, wind generation, together with other inflexible 

generation (from a nuclear power station and various other distribution-connected 

generators) significantly exceeds electricity consumption in Scotland.   

Table 26 Wind generation capacity, MW: Scotland, May 2023 [214]ς[216], [219], and GB, end 2022 [220]  

 Distribution-connected Transmission-connected Total 

Scotland onshore wind 3,855  5,522 9,377 

Scotland offshore wind 50 1,583 1,633 

Scotland total wind 3,905 7,105 11,010 

GB onshore wind 7,493  5,911  13,404 

GB offshore wind 598  13,329  13,927 

GB total wind 8,091 19,240 27,331 

 

While significant investment electricity networks has been conducted alongside this growth in 

new generation capacity, the rate of both Transmission and Distribution network capacity 

growth has lagged significantly behind, in part due to long design, planning and commissioning 

timescales.  At Transmission level, Scotland usually exports electricity to other parts of GB, 

with maximum flows at times of high wind output [218], [221].  Curtailment (i.e. the active 

reduction in power output below unconstrained levels) of some Scottish windfarms is often 

necessary, because of insufficient transmission capacity, or to enable other actions by National 

Grid Electricity System Operator (NGESO), and is discussed below.  In particular, the ESO-

ŘŜŦƛƴŜŘ άB6έ transmission boundary (which delimits the Scottish transmission zones from the 

rest of the GB transmission network) is a significant bottleneck to the export of wind power to 

larger areas of demand further south.  Chapter 5 Annex 1has maps showing this boundary.   
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As discussed in Chapter 2, storage has the potential to alleviate network constraints and 

ultimately reduce overall cost of running the electricity system [59].   Furthermore, as 

discussed previously in Chapter 3, there is currently much interest in deployment of grid-scale 

batteries at both Distribution and Transmission scales [214]ς[216], [222], [223].  

It could reasonably be expected that at times of high output from renewable generators, 

including wind generators, which have low or zero short-run marginal cost, the wholesale price 

will be lower than at times when system demand is met largely from fuel-fired generators.  

Thus, one could expect that at times of high wind, the battery will be incentivised to import 

electricity, and conversely, at times of low wind, the battery would be incentivised to export.  

In such a situation a battery or other storage device would naturally act to reduce both import 

and export network flows, and so would relieve network congestion.  However, the price of 

electricity is affected by a number of factors, and the above assumption might not be the case, 

as is elaborated later in the Discussion section.   

This work examines the likely behaviour of a battery participating in wholesale market trading, 

to investigate the hypothesis: 

άa rational battery, engaged in wholesale trades, will not export at times of high wind 

energy availability in Scotland, nor will it add to network congestionέ.   

 

5.2. Method 

5.2.1. Wind availability: preparation of timeseries 

Balancing Mechanism data were used to estimate overall wind energy availability.   

Balancing Mechanism (BM) data list Final Physical Notifications (FPNs), Bid Accepted Volumes 

(BAVs) and Offer Accepted Volumes (OAVs) for each Settlement Period (SP), for all participants 

in the Balancing Mechanism, termed Balancing Mechanism Units (BMUs) [147], [148].  These 

datasets cover all transmission-connected generators, and some of the distribution-connected 

generators.   

These Wind FPNs were used as a metric of wind availability, i.e. estimated output of wind 

generators before any curtailment instructions.   
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Wind availability timeseries during 2022 were prepared using the sum of FPNs, in MW, of all 

onshore and offshore Scottish BMU windfarms.   

To fit with outputs of battery model, which use hourly-resolution price data, as described in 

Chapter 4, the wind data were smoothed from half-hourly to hourly resolution.   

Wind capacity factor  

The level of wind availability (total wind FPN) at any time t is described in MW and also by its 

capacity factor, i.e. relative to the maximum wind availability.  This metric is necessary in later 

calculations to categorise wind availability together with battery activity.  

The metric of maximum wind availability used here is the sum of non-coincident maximum 

availabilities of every Scottish BMU windfarm, during 2022.   

ὓὥὼὡὭὲὨὃὺὥὭὰὥὦὭὰὭὸώ ȟ ÍÁØ Ὤέόὶὰώ Ὂὖὔ ȟ   

 

(5.1) 

ύὭὲὨ ὧὥὴὥὧὭὸώ Ὢὥὧὸέὶ
ВὌέόὶὰώὊὖὔί ȟ

ὓὥὼὡὭὲὨὃὺὥὭὰὥὦὭὰὭὸώ ȟ
  

 

(5.2) 

 

Thus, timeseries of total Scottish wind availablity (FPN) in MW and also as a capacity factor 

were obtained for the whole of 2022, and for each case study season.    

The approach is summarised in Figure 43. 
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Figure 43 Schematic of approach to obtain timeseries wind availability timeseries in MW and as a capacity factor 

For ease of description, the wind availability values were split into quintiles, as described in 

Table 27.   

Table 27 Definition of wind availability quintiles 

Wind availability 

capacity factor 

Quintile 

0 - < 20% Quintile 1 (Q1) 

20% - < 40% Quintile 2 (Q2) 

40% - < 60% Quintile 3 (Q3) 

60% - < 80% Quintile 4 (Q4) 

80% - 100% Quintile 5 (Q5) 

 

5.2.2. Wind availability and windfarm curtailment during each 

case study season, and all of 2022.  

This subsection views the total durations of both wind availabilities and windfarm curtailments 

which occurred during each quintile of wind availability.  This was performed for the whole of 

2022, and for each case study season.  
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5.2.2.1. Wind availability durations  

The number of hours during the year during which Scottish wind energy availability (total 

hourly FPNs) fell within each wind availability quintile was enumerated.   The procedure was 

repeated for each case study season.  

5.2.2.2. Windfarm curtailment durations 

Total curtailment of Scottish windfarms was enumerated using BM datasets BAVs ς for 

generators required to reduce output (or demand users to increase consumption), and OAVs ς 

for generators instructed to increase output (or demand users to reduce consumption), as 

mentioned in Section 5.2.1. 

As with the FPN datasets, the BAV and OAV timeseries, downloaded as half-hourly resolution, 

were smoothed to hourly timeseries datasets before any further calculations.   

At any timestep t, the overall volume of wind energy curtailed in Scotland is described by the 

άbŜǘ .!±έΣ ŀǎ ƎƛǾŜƴ ōȅ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜǉǳŀǘƛƻƴΥ  

ὔὩὸ ὄὃὠ ȟ ȟ

ὄὃὠ ȟ ȟ  

ὕὃὠ ȟ ȟ 

 

(5.3) 

(The BAV and OAV values are summed, not subtracted, because BAV values are negative, and 

OAV values are positive, as are FPN values for all units providing net generation.)  

The timeseries of Net BAVs was viewed alongside the timeseries of wind availability and wind 

capacity factor, as described in the subsection above, for the whole of 2022, and for each case 

study season.   

The total number of hours during which one or more windfarm in Scotland received an 

instruction to reduce output (i.e. NetBAVt  > 0), was enumerated for each wind availability 

quintile, during 2022.   

The procedure was repeated for each case study season.  
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5.2.3.  Battery activity  

5.2.3.1. Base case batteryΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ   

For eŀŎƘ ŎŀǎŜ ǎǘǳŘȅ ǇŜǊƛƻŘΣ ōŀǘǘŜǊȅ ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘΣ ŦƻǊ ǘƘŜ άŘŜŦŀǳƭǘέ ōŀǘǘŜǊȅ 

parameters: 2 hour duration, 85% round-trip efficeincy, using the trading parameters of the 

άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻǎ ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊ пΦ  

The timeseries of battery actions was obtained for each case study period.  

These timeseries were viewed together with the timeseries of wind FPNs.  The battery import 

and export actions were categorised according to the wind energy quintile during which they 

happened. The total number of hours of battery imports and exports were enumerated for 

each wind energy quintile, for each case study season.   

As the durations of the quintiles themselves varied between quintiles, and between seasons, 

the proportional duration of battery activity, as a percentage of the number of hours of the 

respective wind availability conditions, was also enumerated.  

ὴὶέὴέὶὸὭέὲὥὰ ὦὥὸὸὩὶώ ὥὧὸὭὺὭὸώ ὨόὶὥὸὭέὲ ȟ

  
ὦὥὸὸὩὶώ ὥὧὸὭὺὭὸώ ὨόὶὥὸὭέὲὬὶί ȟ

ὨόὶὥὸὥὸὭέὲ έὪ ύὭὲὨ ὥὺὥὭὰὥὦὭὰὭὸώὬὶί ȟ
  

(5.4) 

 

For example, in the winter case study season: 

No. of hours of wind quintile 5 conditions =   25 hours 

No. of hours of battery imports during wind quintile 5 =     4.7 hours 

No. of hours of battery exports during wind quintile 5 =      2.0 hours 

  

Thus,   

 

ὴὶέὴέὶὸὭέὲὥὰ ὨόὶὥὸὭέὲ έὪ ὦὥὸὸὩὶώ Ὥάὴέὶὸί ȟ   
τȢχὬὶί

ςυ Ὤὶί 
 ρωϷ 

 

ὴὶέὴέὶὸὭέὲὥὰ ὨόὶὥὸὭέὲ έὪ ὦὥὸὸὩὶώ Ὡὼὴέὶὸί ȟ   
ςὬὶί

ςυ Ὤὶί
  ψϷ 
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5.2.3.2. Base case battery, lower-cycling scenarios  

The procedure described above was repeated for the 2-hr battery, but with different trading 

scenarios which involved lower battery cycling, as identified in Chapter 4, Section 4.7.4 , and 

stated in Table 21.   

5.2.3.3. Other batteries 

The procedure described above was repeated for batteries of different duration, in each case, 

ǎŜƭŜŎǘƛƴƎ ǘƘŜ ǎƛƴƎƭŜ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ Ŧor the battery type and season, as previously 

identified in Chapter 4, in Section 4.8.3.  The battery parameters selected are previously shown 

in Table 22, in Chapter 4. 

 

5.2.4.  Potential correlations of wholesale price with wind and 

other factors 

It was desired to understand the potential influence of Scottish wind and other factors on 

wholesale electricity prices, the latter driving battery trading activity.   

Timeseries plots of Scottish & GB wind availability (FPNs) vs wholesale price have been 

prepared (Figure 44, and Chapter 5 Annex 2 (Annex 2.1, 2.2. & 2.3).   

Later in this chapter, scatterplots were prepared to examine any possible relation between 

wholesale price, wind and some other factors.  Table 28 summarises the metrics considered. 

  

Table 28 Metrics against which wholesale price data was examined 

Variable Metric used Type of plot 

Wind availability (Scottish and GB) FPNs Timeseries & scatterplots 

Estimated wind output (Scottish & GB) FPNs + BAVs + OAVs scatterplots 

Wind curtailment (Scottish & GB) BAVs + OAVs Scatterplots  

Time of day SP no.  Scatterplots  

Electricity demand Total transmission 

demand (TSD) 

Scatterplots 

 

Scottish and GB wind metrics were all sourced from Elexon as described above.  Transmission 

system demand data were sourced from NESO [17].  All metrics were convereted from half-

hourly to hourly resolution data to fit with the hourly resolution pricing data.  
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5.3. Results  

5.3.1. Wind availablility  

The non-coincident maximum wind availability (FPN) from all Scottish windfarms during 2022 

was found to be 7,865 MW, using FPN values which had been smoothed to hourly resolution.  

This value is used as the denominator for calulcation of wind availablity capacity factor (CF), 

and for enumeration of wind availablity quintiles, which are displayed in Table 29. 

The highest hourly coincident overall wind availability (not used in calculations) was 6,972 MW.  

Table 29 Range of total Scottish wind FPNs in each wind energy availability quintile 

Wind availability 

capacity factor (CF) 

Quintile Total wind availablity  

(total hourly FPNs), MW 

Min value Max value 

0 - < 20% Quintile 1 (Q1) 0 < 1,573 

20% - < 40% Quintile 2 (Q2) 1,573 <  3,146 

40% - < 60% Quintile 3 (Q3) 3,146 < 4,720 

60% - < 80% Quintile 4 (Q4) 4,720 < 6,293 

80% - 100% Quintile 5 (Q5) 6,293 < = 7,865 

 

Figure 44 shows the timeseries for Scottish hourly wind availablity (total FPNs) in MW and as 

capacity factor, as the black dashed line, for the three case study periods.  The wholeasale 

price data timeseries are also displayed (blue line), because these drive the battery trading 

behaviour, which is shown later.  (This chart restricts the maximum price axis to £700 / MWh 

for better viewing of the patterns of price; in the winter case study, the electricity price 

exceeded value on four occasions.  Plots showing full-scale price axis are shown in Chapter 5 

Annex 2.  For reference, Chapter 5 Annex 2 also shows timeseries plots of Scottish and GB 

wind availability for the three case study periods, together with price data.) 
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(a) Summer case study 

 
(b) Autumn case study 

 
(c) Winter case study 

Figure 44 Scottish wind availability and capacity factor (hourly) and wholesale trading price, 2022, Summer, Autumn 

and Winter case study periods (restricted scale price axis) 
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5.3.2. Wind energy availability and wind curtailment   

5.3.2.1. Wind energy availability , all 2022 

As described in subsections 5.2.2.1, the number of hours during which the wind availability fell 

into each wind availability quintile during 2022 was enumerated.  These durations are shown 

by the solid black bars in Figure 45, and also in tabular form in Chapter 5 Annex 3 Table 93.  

The wind energy quintiles, which form the x-axis in Figure 45, are the same values as those 

shown on the left-hand y-axes in the charts of Figure 44 above; the corresponding values of 

wind availability in MW are tabulated above in Table 29.   

These black bars of Figure 45 show that Scotland has significant wind resource: there are 

significant durations at which all levels of wind availability occur (other than the windiest 

quintile Q5).  Though άǉǳƛƴǘƛƭŜ мέΣ ǘƘŜ ƭƻǿŜǎǘ ǿƛƴŘ ǉǳƛƴǘƛƭŜ, occurs for more hours than any 

other single quintile, Q1 only accounts for about one third of the year.  The aggregate number 

of hours of wind quintiles 2 to 4 collectively account for approaching 2/3 of the year.   

It is not surprising that the number of hours of wind levels in quintile 5 is relatively small, 

because the highest Scottish coincident wind availability was just under 7,000 MW, 

corresponding to a capacity factor of 90.2%.   

 

 

Figure 45 Durations of Scottish hourly wind energy availability (total hourly FPNs), and Scottish hourly wind 

generation curtailment (total hourly net BAVs) vs wind energy availability Capacity Factor (CF) quintile.  All 2022. 
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5.3.2.2. Wind energy curtailment, all 2022   

The number of hours during which wind energy curtailment, of one or more Scottish 

windfarms occurred, and the number of these hours which fell within each wind availability 

quintile, was enumerated as described in Section 5.2.2.2.  These hours of curtailment are 

shown in the yellow hatched bars in Figure 45, and also in tabular form in Table 94 in Chapter 5 

Annex 3.  

These bars show that wind energy curtailment occurred at all quintiles of wind energy 

availability, but correlates very strongly with wind energy availability.   The number of hours of 

curtailment during wind energy quintile 1, corresponding to low wind, was small.  From wind 

energy quintile 1 to 4, the number of hours of wind curtailment increased substantially with 

each wind quintile.  Curtailment occurs for the majority of the duration of wind quintile 3 

conditions, for all but a few hours of wind quintile 4 conditions, and for all hours of wind 

quintile 5 conditions.   

 

5.3.2.3. Wind energy and wind energy curtailment, case study 

seasons  

Figure 46 is a similar chart to Figure 45, but for the three case study seasons. 

 

Figure 46 Durations of Scottish hourly wind energy availability (total hourly FPNs), and Scottish hourly wind 

generation curtailment (total hourly net BAVs) vs wind energy availability quintile.  Summer, autumn and winter 

case study seasons. 
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Looking at the black bars of Figure 46, showing durations of wind energy availability vs wind 

energy availability quintile, it is clear that there were significant differences in the patterns of 

wind energy availability from the Scottish windfarm fleet between the three seasons, 

presumably because of weather differences.   The summer case study season has the longest 

aggregate duration of low-ǿƛƴŘ ŎƻƴŘƛǘƛƻƴǎ ŦŀƭƭƛƴƎ ǿƛǘƘƛƴ άvǳƛƴǘƛƭŜ мέΣ ŀǎ Ŏŀƴ ŀƭǎƻ ōŜ ǎŜŜƴ ƛƴ 

Figure 44 (a) and Table 93 in Chapter 5 Annex 3.  In contrast, the autumn case study season 

has the longest durations at higher wind energy availability quintiles 3-5, as is also evident in 

Figure 44 (b), and in Table 93 in Chapter 5 Annex 3.   

Regarding wind curtailment, the yellow hatched bars in Figure 46 show an effect of wind 

quintile, and also an effect of season.  

Regarding effect of wind quintile, these charts show that aggregate durations of curtailment 

rise with wind energy quintile number over quintiles 1-4 during each case study season (data 

are tabulated in Table 94 in Chapter 5 Annex 3).  The summer and autumn charts in this figure 

show the same number of hours of wind availability, and also of wind curtailment, for Q4 and 

Q5.  This shows that the ESO instructed one or more windfarms to curtail, on every hour of 

wind FPNs at these high levels.  However, at lower levels of wind in Q2 and Q3, the ESO 

instructed one or more windfarms to curtail on some but not all occasions, hence the yellow 

bar (no. of hours of curtailment) is much lower than the black bar (no of hours of wind at this 

level).  At low wind conditions Q1, occasions of curtailment at low wind Q1 are infrequent.  

These charts also show a seasonal effect on wind curtailment.   In summer, there are 

significant durations of curtailment at lower wind energy quintiles, with almost all (91%) hours 

of wind energy quintile 3 having curtailment.  In contrast, in winter, there is proportionately 

less curtailment at every wind energy quintile 1-4, with only just over half of the hours of wind 

quintile 3 having curtailment.  Presumably higher demands in winter reduce generation-driven 

network congestion; whereas during times of lower demands in summer, ESO actions to 

manage the congestion are needed more often.   

These data describe the background conditions in which battery activity is investigated.  
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5.3.3.  Battery activity  

5.3.3.1. Base case battery (2hrs, 85% round trip efficiency), 

άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ  

The aggregate durations of battery imports and exports, during each quintile of wind energy 

availability, are shown in Figure 47, for each case study season.  The numbers of hours are 

tabulated in Table 95 in Chapter 5 Annex 4.  

In all three seasons, battery imports and exports occurred at all wind energy quintiles.  The 

durations of imports and exports varied significantly between quintiles and seasons, as did the 

durations of conditions of the different wind quintiles, as shown in Figure 46.  

The proportional durations of battery imports and exports (percentage of the aggregate 

duration of conditions of the respective wind quintile and cases study season, during which 

battery import or export occurred, as defined in Section 5.2.3.1) for the three case study 

seasons are displayed in Figure 48.  

In contrast to the absolute aggregate duration of battery imports and exports, which varied 

considerably between seasons and wind energy quintiles, the proportional durations of battery 

imports and exports, in many cases, were similar, between wind quintiles and also between 

seasons.  For wind energy quintiles 1 to 4, all proportional imports and exports were between 

12% and 24% of the duration of the respective wind quintile condition, during the summer and 

autumn.  During the winter season, when the battery was less active, proportional imports and 

export durations during wind quintiles 1-4 were between 8% and 14%.  Across the three 

seasons, the very windiest quintile 5 had very short durations: the proportional durations of 

battery imports were longer than during the other quintiles, ranging from 19% to 43% of this 

respective quintile duration; battery export proportional durations ranged from 8% to 10% of 

the respective quintile duration.    

Import durations were a little longer than export durations, because, as described in Chapter 

4, Section 4.4.2 ǘƘŜ ƳƻŘŜƭ ŘŜŦƛƴŜǎ ōŀǘǘŜǊȅΩǎ ƛƳǇƻǊǘ ŀƴŘ ŜȄǇƻǊǘ ǊŀǘŜǎ όa²ύ ŀǎ ōŜƛƴƎ ŜǉǳŀƭΣ ŀƴŘ 

so additional import time is needed to cover the round-trip losses.  
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(a) Summer (b) Autumn (c) Winter 
Figure 47 Aggregate durations of battery imports and exports during each wind energy availability quintile.  Summer, Autumn and Winter case studies.  Base case battery (2 hrs, 85% 

ǊƻǳƴŘ ǘǊƛǇύΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ for each season 

   

(a) Summer (b) Autumn (c) Winter 
Figure 48 Proportional durations of battery imports and exports, i.e. duration of battery activity as a percentage of each respective wind quintile duration.  Summer, Autumn and 

²ƛƴǘŜǊ ŎŀǎŜ ǎǘǳŘƛŜǎΦ  .ŀǎŜ ŎŀǎŜ ōŀǘǘŜǊȅ όн ƘǊǎΣ ур҈ ǊƻǳƴŘ ǘǊƛǇύΣ άōŜǎǘ ŎŀǎƘŦƭƻǿέ ǎŎŜƴŀǊƛƻ for each season 
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5.3.3.2. Base case battery, lower cycling scenarios  

Battery activity vs wind energy quintile is tabulated and displayed graphically in Chapter 5 

Annex 4: Annex 4.2, for two alternative lower cycling scenarios όά{ŜŎƻƴŘ ŎƘƻƛŎŜ ς lower 

ŎȅŎƭƛƴƎέ ƛƴ !ƴƴŜȄ 4ΦнΦмΣ ŀƴŘ ά¢ƘƛǊŘ ŎƘƻƛŎŜ ς ƭƻǿŜǎǘ ŎȅŎƭƛƴƎέ ƛƴ !ƴƴŜȄ 4.2.2).  In all cases, there 

was battery activity, both imports and exports, at all wind energy quintiles.  

5.3.3.3. Other batteries: 1-hour, 4-hour, 12-hour and 12-hour 

70% round trip efficiency  

For the batteries of shorter and longer durations, battery activity vs wind energy quintile is 

tabulated and displayed graphically in Chapter 5 Annex 4: Annex 4.3.  Again, in all cases, there 

was battery activity, both imports and exports, at all wind energy quintiles.  

 

5.3.3.4. Overall patterns  

Chapter 5 Annex 5 shows the proportional battery activity duration for each wind energy 

quintile, grouped by case study season.  A few examples are shown below:  

 

Proportional duration of import increases with wind energy quintile, and proportional duration 

of export decreases.   

This result could feasibly be expected, given that wholesale price would be expected to 

correlate inversely with the amount of low-short-run marginal price generation.  

The bar charts of Figure 49 below display battery activity duration in each wind energy 

quintile, as a proportion of the aggregate duration of wind conditions of that quintile.  The 

blue bars show the proportional duration of aggregate battery imports, and the light green 

bars the proportional durations of aggregate exports.   

These charts show that battery imports ς blue bars - are generally higher at higher wind 

quintiles than lower wind quintiles.  The opposite is the case for the pale green bars showing 

battery exports.   

The first chart, the 12-hour 70% efficiency, autumn, shows a clear and strong relation between 

import and export duration with wind quintile.  In the other two charts the aggregate import 

duration is longer only at the windiest quintile, Q5, and the relation between aggregate export 
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duration with wind quintile is less distinct than that of aggregate import duration with wind 

quintile.   

   
(a) Autumn, 12 hr battery, 

70% round-trip eff 

(b)Summer, 4 hr battery (c) Summer, 2 hr battery 

(best cashflow) 
Figure 49 Proportional duration of battery imports and exports.  Examples where battery imports increase and 

exports decrease with increasing wind.    

 

 

Proportional duration of import increases with wind energy quintile, but there is no clear 

pattern of proportional duration of export with wind energy quintile.   

Several of the charts displayed this generic pattern, especially during the summer case study.  

An increase in proportional duration of battery import was found with increasing wind quintile.  

However, by inspection, there appears to be little link between wind quintile and battery 

export behaviour.   

   

(a) Summer, 1 hr battery (b) Winter, 2 hr battery 

(base case) 

(c) Autumn, 4 hr battery 

Figure 50 Proportional duration of battery imports and exports.  Examples where battery imports increase with 

increasing wind, but the correlation between wind and battery exports is unclear.    
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No clear pattern with either battery imports or exports with wind energy quintile 

Several of the scenarios, especially those for the winter case study season, had little overall 

pattern between wind energy quintile and either battery imports or exports.  

   
(a) Autumn, 1 hr battery (b) Winter, 12 hr 70% 

round-trip battery 

(c) Winter, 2 hr battery, 

lower cycling scenario 
Figure 51 Proportional duration of battery imports and exports.  Examples where the relation between wind and 

battery activity, both imports and exports, is unclear.  

 

5.3.4.  Potential correlations of wind and other metrics with 

wholesale electricity price  

5.3.4.1. Correlation of wholesale price and wind metrics 

A negative correlation was observed between Scottish wind availability and wholesale price: 

the highest prices occurred at times of low wind, and the lowest at high wind.  However, the 

relation was very weak, as is shown in Figure 52 for the summer and autumn case study 

periods 

  

(a) Summer (b) Autumn 

Figure 52 Scatterplot of wholesale electricity price vs Scottish wind availability, summer and autumn case studies 

The winter case study period had three distinct regions in its timeseries price and wind 

availability values, as described in Figure 53.   
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Figure 53 Winter case study season.  Delineation of the time period into 3 parts according to price and wind.  

The scatterplot for winter, Figure 54, distinguishes these three parts by colour.  This plot shows 

that during the winter case study period, extremely high prices occurred on a few occasions: 

these prices all occurred at times of low wind availability.  Among the black coloured markers, 

for 28 Nov to 17 Dec inclusive, aside from a handful of extreme price events, however, the 

relation between wholesale price and wind is unclear.    Among the brown coloured markers 

there is a similar picture, of higher prices at low wind, but other than that little relation 

between wind and price.  Among the green markers covering the last 4 days, their distribution 

lies within two areas of  the plot: a few green markers within the άƭƻǿ ǘƻ ƳƻŘŜǊŀǘŜ ǿƛƴŘέ όǳǇ 

ǘƻ пΣллл a²ύΣ ŀƴŘ άƳƻŘŜǊŀǘŜέ ǇǊƛŎŜǎ όϻмфл-£350 / MWh) area of the plot; and more green 

ƳŀǊƪŜǊǎ ƛƴ ǘƘŜ Ǉƭƻǘ ŀǊŜŀ ƻŦ άƘƛƎƘέ ǿƛƴŘ όƻǾŜǊ пΣллл a²ύ ŀƴŘ ƭƻǿ ǘƻ ƳƻŘŜǊŀǘŜ ǇǊƛŎŜǎ όŀǊƻǳƴŘ 

  

(a) Winter ς full price scale (b) Winter ς cropped price scale 
Figure 54 Scatterplot of wholesale electricity price vs Scottish wind availability, winter case studies 



177 
 

£40-£290 / MWh). 

Very weakly negative correlations were also observed, by inspection, for wholesale price 

against estimated Scottish wind output (i.e. FPNs net of balancing actions), as shown in 

Chapter 5 Annex 6: Annex 6.2, and also for price against GB wind availability (Annex 6.3), and 

price against GB estimated wind output (Annex 6.4).   

Slightly stronger negative correlations were observed, by inspection, between price and 

volume of Scottish wind curtailment, with the highest prices occurring when there was no or 

little curtailment, as shown in Figure 55, and Chapter 5 Annex 6: Annex 6.5, though there is 

considerable range of wholesale prices occurring at most levels of curtailment.  

  
(a) Summer (b) Autumn 

Figure 55 Scatterplot of wholesale electricity price vs Scottish wind curtailment (total net BAVs), summer and 

autumn case studies 

In the winter case study, shown in Figure 56, the extreme high prices only occurred at times of 

zero curtailment; however at other times the relation between price and curtailment was 

unclear.   

  

Winter ς full price scale Winter ς cropped price scale 

Figure 56 Scatterplot of wholesale electricity price vs Scottish wind curtailment (total net BAVs), winter case study 
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GB curtailment is plotted against price in Chapter 5 Annex 6: Annex 6.6. It differs very little 

from Scottish curtailment.  

There is a more distinct relation between price and time of day, for example as shown in 

Figure 57 below and in Chapter 5 Annex 6: Annex 6.7.  There is considerable range of prices for 

ŜŀŎƘ ǎŜǘǘƭŜƳŜƴǘ ǇŜǊƛƻŘΣ ōǳǘ ŀ άǘǿƻ ǇŜŀƪ ŀ Řŀȅέ ǇŀǘǘŜǊƴ ƛǎ ŜǾƛŘŜƴǘ ƻƴ Ƴƻǎǘ Řŀȅǎ ƻŦ ƛƴ ǘƘŜ 

summer and autumn case studies, with price maxima in the early evening and also in the 

morning.   The winter case study ǎƘƻǿǎ ŀ άƻƴŜ ƻǊ ǘǿƻ ǇŜŀƪ ŀ Řŀȅέ ǇŀǘǘŜǊƴΦ     

  
(a) Autumn (b) Winter 

Figure 57 Scatterplot of wholesale electricity price vs  time of day (Settlement Period, 1-48), (a) Autumn and (b) 

Winter case studies 

Finally, a positive correlation is observed, by inspection, between price and Transmission 

{ȅǎǘŜƳ 5ŜƳŀƴŘΣ ǳǎƛƴƎ ǘƘŜ ά¢{5έ Řŀǘŀ ŦǊƻƳ b9{h [17] , though with considerable scatter, as 

shown in in Figure 58 and Chapter 5 Annex 6: Annex 6.8. 

 

Autumn 

Figure 58 Scatterplot of wholesale electricity price vs  Transmission System Demand.  Autumn case study 

 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































